B.miirll« StCtiOll 

The new daims W5 submitted v«th this amended application replace the clauns 
of the original specification of 3/14/2000 (old claims 145). Original claims 1-45 of 
3/14/2000 are c«.celled. The new claims have been placed in prop« dependent and 
i„aependen. fonn. Claims 1,4. and 41 are independent claims and the res. of them are 
dependem claims. The newclaims comply wiU. d.e Ex^niner's Office Summary Actton 
of 1/29/2002, pages 6-15, and rectify the claim objections and claim rejectons under 35 
USC.#n2 and 35 USMIOS, as was pointed out by the Examiner. The new claims refer 

to the elected invented processes. 

Tl,e two inventors of this application are joint inventors in all 45 new claims 

submitted with this substitute specification. 

The substitute specification contains no new matter, is double spaced and is 

divided into 67 paragraphs. 

An updated listing of previous .ef«ences in d.e Information Disclosure Statement 
is also provided including the patents listed in las. form PTO-892 by the Examiner. 



p.h..Hal tn rittim Rei "<i"ns under 35 USC-»I03 . 

TT,e claim rejection mrfer 35 USC-#103 is requested to be ttaversed based on the 
following remarks (referring to both the new and origin^ specifications); 

The processes described within this application are utiUring permreactt.. designs 
that are subs.anti.lly diffe^nt than the one presented in Itoh's and Oertel's paper. Thrs 
makes the described processes new and capable to be patented. Specific deurls on the 
benefits, novelties of fte processes, and differences ftom previous processes are 
described in pages 5.6.7 of the section Brlr pmnnd of th^ Invention . 

in summary, fte msBllation and operation of d.e second membmne to wrtfidraw 
hydrogenout the first annular «,ne is novel. This isbecausenooflrerprocessuntrlnowm 
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patent literature teaches similarly consecutive hydro^n separation and continuous 
reaction-enhancement operation by a second membrane, for the reactions described, 
which makes the use of the second membrane not obvious, taking into account the many 
process and reactor variations which have been described in the literature. The purpose 
of separating hydrogen out of the second membrane is not merely for separation or 
purification as pointed out in page 14 of the Office response. Hydrogen separation with 
installation and use of the second membrane has Ae purpose of driving continuously the 
catalytic reactions occurring within the first membrane. Thus, the real purpose of using 
the second membrane is to lower the partial pressure of the separated hydrogen in the 
amiular space between the two membranes. If hydrogen is not removed continuously by 
the use of the second membrane, the partial pressure of hydrogen will build up along the 
membrane length in the annular space, and at some point of the reactor the hydrogen will 
backpermeate into the first catalytic zone. This effect is detrimental for the operation of 
the membrane reactor/permreactor and the reactions in the first zone will stop due to the 
presence of hydrogen product. Withdrawal of hydrogen by the second membrane allows 
for continuous equilibrium shift and for higher conversions and yields in the first 
catalytic membrane zone for the occurring reactions, which makes the use of the 
consecutive second membrane to be novel in the described reaction process operations. 
The use of the two membrane process makes a new process which operates 
independently for each reaction occurring, is compact in operation, more economic 
because it eliminates additional off-gas purification process steps, and specific in 
purpose to power fiiel cells and to feed distinct synthesis reactors. These distinctions are 
not obvious to the person having ordinary skill in the art to which the said subject matter 
pertains; 

Moreover, the process described in the invention, uses a first membrane which is 
permeable to other chemical components as well and not only to hydrogen, while the 
Itoh's and Oertel's processes both are using hydrogen only permeable metal-type 
membranes. Thus, the use of ceramic or composite materials in first membrane cylinder 
is a significant process difference by the two previous articles. These materials are 
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projected to be more economic (les expensive) than the metals (e.g., palladium, 
palladium-silver) that are almost exclusively used for metal membranes. 

Similarly, novelty is presented also in the modified process in which the second 
membrane separates both hydrogen and carbon dioxide out of the annular zone and the 
binary mixture is used in special fuel cell and synthesis reaction applications. Continuous 
separation of botii components out of the annular zone allows for the reaction to proceed 
beneficially in the first catalytic zone and offer increased conversions and yields. Lack of 
permeation of these two gases fi-om the second membrane will yield to a terminal 
stopping of the reactions in the first catalytic zone due to the backpermeation of 
hydrogen and carbon dioxide into this zone. This detail is not obvious to a person having 
ordinary skill in the art to which said subject matter pertains. 

Moreover, the internal specification of the presented process permreactors are 
distinct in comparison with the ones presented by Itoh and Oertel. This stands for the 
heating elements and the way of heating the described permreactors and related 
processes. Also it stands for the developed (gradually reduced) pressure gradient from the 
inner to the outer membrane and the related zones. Also it stands for the unique way the 
gas mixture is fed, separated, and directed in consecutive applications in the different 
sections of the permreactor process, as shown in detail in Figure 2 of the drawings. 

Another distinct difference of the described processes is their specific use in 
interconnected fiiel cells and synthesis reactors. The specific delivery of gas mixtiires 
rich in hydrogen and carbon oxides in specific types of fijel cells is distinct. Distinct are 
also the synthesis reactions which consume the generated hydrogen mixtures fi-om the 
described processes as was pointed out in the Office Summary. Distinct are also the 
combination of processes utilizing the permreaction operation and the consecutive 
separation processes (both membrane permeation and cryogenic separation) which are 
also related and continue the previous USpatent #6,090,312. These distinctions are not 
obvious to the person having ordinary skill in the art to which said subject matter 



5 



pertains; and these distinctions make the described processes patentable over the 
previoijs art. 

In summary the described processes with the limitations set are new and differ 
substantially from previous art. Based on the new (rewritten) claims of the current 
substitute specification and based on the above remarks/comments, the applicants request 
from the Office to allow this patent application with the accompanied claims. 

The processes described here are of significant interest for developmental 
purposes in the described technology areas/sectors in both national and intemational 
level. The applicants have been invited to present this work at national and intemational 
technical conferences. The acceptance of the patent by USPO is going to protect the 
rights of this invention which occurred in USA. 

Part of the processes described here is intended to be published also in 
consecutive publications in order to increase the possibility of their commercial use and 
to show their innovative usages in fUel cells and synthesis reactions. 
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CROSS REFERENCE TO RELATED APPLICATIONS 

Continuation in part of Ser. No. 08/595,040, now U.S. Patent 6,090,312 (Jul. 2000) 

STATEMENT REGARDING FEDERAIXY SPONSORED RESEARCH OR 

DEVELOPMENT 

Not Applicable 

REFERENCE TO A "SEQUENCE LISTING," A TABLE, OR A COMPUTER 
PROGRAM USTING APPENDIX SUBMITTED ON COMPACT DISC 

Not ApplicaUe 

{TECHNICAL FIELD 

This invention relates to new j^ocess and reactor designs including permeable 
reactors (permreactors) and petmeators for the hydrocarbon steam reforming, 
hydrocarbon carbon dioxide reforming, combined hydrocarbon steam and carbon dioxide 
reforming, alcohol steam reforming, water gas shift, paraffin dehy<fcogenation, methanol 
synthesis, and combination of these conversion reactions for production of valuable fuels 
and chemicals. It also relates to the utilization of the end reaction products such as pure 
hydrogen, hydro^n and carbon monoxide, hydrogen and carbon dioxide, and mixtures of 



these species, into specific applications such as fiiel cells, gas turbines, gas engines and 
synthesis reactors. ] 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

[This current s^lication is continuation in part of the application # 08/595040 

filed 1/31/1996.] 

[ This current invention describes new and improved process and reactor designs 
which involve penneablc reactors (permreactors) and permeators for the hydrocarbon 
steam reforming, hydrocarbon carbon dioxide reforming, combined hydrocarbon steam 
and carbon ^^4e reforming, alcohol steam reforming, the water gas shift reaction, 
dehydrogenation reactions of hydrocarbons, such as dehydrogenation of alkanes (i.e., 
paraffms) to alkenes, and combination of these previous reactions. 

The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and exe listed below: ] 
1. This invention relates to new process designs referring to doable well sr 
multiwBll ty^ permeable reactors (so called double waU permreactors or double 
waU membrane reactors) and to consecutive separators, including membrane type 
and crj'ogenic separators, for coadoeting mainly the hydrocarbon steam reforming, 
hydrocarbon carbon dioxide reforming, combined hydrocarbon steam and carbon 
dioxide reforming, alcohol steam reforming, water gas shift, parafTm 
dehydrogenation, methanol syntiiesis, and combination of these carbon based fuel 
£G5vcs«oa reactions for the production of valuable upgraded fuels and chemicals. 
The invention also relates to the utilization of the end reaction products such as pure 
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hydrogen and synthesis gas ( hydrogen and carbon monoxide, hydrogen and carbon 
dioxide mixtures), and mixtures of these, into specific appUcations of consecutive fuel 
cells, gas turbines, gas engines and synthesis reactors by appUcation of uniquely 
presented process configurattons. 

2. Description of the Related Art including Information disclosed under 37 cfr 
1.97 and 1.98 

2 The current invention describes new and improved processes which involve 
doable wall er multitube permeable reactors (multitube permreactors or membrane 
reactors) and downstream separators for the hydrocarbon-«team reforming, 
hydrocarbon-carbon dioxide reforming, combined hydrocarbon steam and carbon 
dioxide reforming, alcohol steam reforming, the water gas shift reaction, 
dehydrogenation reactions of alkanes (paraffins), and combination of these previous 
reactions. 

3 The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and are listed below: 

CH, + H2O = CO + 3H2 (AH*'298=206. IkJ/mol), methane-steam reforming (1) 
CH4 + CO2-2CO+2H2 (AH°298=247.3kJ/mol),methane-C02 reforming (2) 
CO + H2O - CO2 + H2 (Mr298=-41 . l5kJ/mol), water gas shift (3) 
CnH2„+2=C,>H2n + H2 (cndothermic dehydrogenation reactions, heat of reaction 

varies depending on the type of feedstock processed in the 
reactor, e.g., ethane, propane, butane, pentane) (4) 
CO + 2H2 = CH30H (AH*'298=-l28.2kJ/mol), methanol synliiesis (5) 

CO2 + 3H2 = CH3OH + H2O (AH*'29«=-49.5W/mol), methanol synthesis (6) 



CH3OH + HzO = CO2 + 3H2 (AH°298= 49.5kJ/mol), methanol-steam reforming (7) 
4 [These are catalytic reactions utilizing catalysts such as nickel (Ni), ruthenium 
(Ru), rhodium (Rh), palladium (Pd), platinum (Pt), chromium (Cr), copper (Cu), zinc 
(Zn), Cobalt (Co), Gold (Au) and other metals, and bimetallic catalyst compositions of 
these metals. The catalysts are supported on alumina (AI2O3), titania (TiOz), silica (S1O2), 
zirconia (ZtOz), lanthanum (La203) and other supports, enriched with earth metals such 
asCa,La,Na,K.] 

4 The aforementioned are catalytic reactions utilizing active metals as catalysts 
in monometallic, bimetallic, or mnUimetallic metal compositions. The catalysts are 
supported on inorganic oxides such as on various types of alumina and enriched with 
earth metal additives to enhance catalytic activity and feedstock conversion and 
minimize deposition of carbon on active metal sHes and loss of activity. 

5 Use of [reactor and membrane penneator configurations] related processes 
involving catalytic reactor with downstream permeator configurations and systems 
of those were disclosed in our previous US patent [application: # 08/595040,] 
#6,090,312 (July 2000). Use of these reactor-separator systems increase the overall 
process efficacy by increasing the total conversion of [the following] feedstocks such as 
the following, natural gas, landfill gas, coal gas, hydrocarbons, hydocaibons-C02 
mixtures, methane, methane-COj mixtures, alcohols. Moreover, the yields to hydrogen 
and carbon monoxide or hydrogen and carbon dioxide are increased by the use of the 
integrated membrane type permeators which [separates] separate effectively the Hj and 
CO2 [gases] gas constituents out of the reformed streams. Process efficiency is further 
improved by the recycling of unreacted and non-separated (non-permeated) hydrocarbon 



(e.g., methane) and carbon monoxide into the first (primary) reactor (reformer) or the 
alternative direction of the same stream into a consecutive catalytic reactor (reformer or 
water gas shift reactor) for additional production of hydrogen and carbon dioxide. Direct 
utilization of the produced and separated hydrogen, synthesis gas, and hydrogen-carbon 
dioxide mixtures from these processes into consecutive synthesis reactors, fiiel cells and 
gas tuifeines and enpnes are additional advantages and {continual] coatin«iBg 
applications and ataizatieos of the proposed processes. 

6 [Citfrent invention elabomtes on the substitution of the primary conventional 
reactor (i.e., reformer, water gas shift, dehydrogenation reactor) by a permeable 
{membrane-type) reactor (so called permreactor for simplicity) of specific design, and the 
correspondingly derived improved process and permeable reactor-separator 
configurations for Ae above mentioned reactions. Moreover, introduction and 
specification of double wall permreactors, besides Ae single wall permreactors. for 
conducting similar reactions are also disclosed. The described permreactors are designed 
to consist of interconnected parts which can be readily taken apart and assembled when 
service is necessary. For fte disclosed inte^ted reaction-separation systenis specific 
applications are disclosed such as the utiliiation of the end products and/or permeated 
{separated) stteams into consecutively placed synthesis reactors (including additional 
reformers or water gas shift reactors), gas turbines and engines, and various types of 
hydrogen based fiiel cells and related fuel cell systems.] 

6 Current invention elaborates on the introduction and speciftcstHNi of double 
and ««tewaM <ype membniae reactor processes (doable and fflaltiwail permreactor 
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processes) related to the above reactions which can be implemented accordingly, as 
described below. 

7 A specific problem in parallel gas separation and reaction within 
Bjicrcpcreus nujKbrsac reactors (pcrmreactors) is the lack of selective separation 
for the target compound (e.g., hydrogen) in certain materials. Thus, microporous 
inorganics and composites materials aUow the permeation through the membrane of 
not only the targeted compound but also of other reaction products and reactants 
that compete for permeation based on their molecular diameter or molecular weight. 
This effect, separates in the permeate of the membrane reactor a stream which is not 
pure but needs further separation in order to be utilized as a pure compound (e.g., 
hydrogen gas for synthesn or fuel). Therefore, capital and operation costs are 
increased when a single wall membrane reactor process of the above structure is to 
be used. The introduced double and mnltiwall permreactor process solves this 
problem by applying a second consecutive membrane which only separates the 
targeted compound. For hydrogen separation as an example, a second metal or metal 
alloy membrane can be used, placed after the first microporous membrane, as 
described below. 

8 The described pcrmreactors wherein the processes are occurring, are 
designed to consist of interconnected parts which can be readily taken apart, 
cleaned, serviced and assembled when service or maintenance is necessary. For the 
disclosed integrated reaction-separation systems specific applications are disclosed 
such as the utilization of the end products and/or of the permeated (separated) 
streams into consecutively placed synthesis reactors (including additional reforming 
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or water gas shift reactors), gas turbines and engines, and various types of hydrogen 
and methanol driven fuel cells. 

9 [Previous reactor and permeable reactor designs from the above cited references 
refer mainly to methane and methanol steam reforming reactions but not to carbon 
dioxide reforming, water gas shift and dehydrogenation reactions as the present invention 
does. Moreover, previous inventions refer to a single reactor or permreactor or other 
reaction vessel instead of reactor-separator systems as the present invention describes. 
Present invention introduces double permeable-wall (double membrane-wall) reactors for 
hydrocarbon and alcohol processing reactions. The double membrane-wall reactors can 
be of various designs as disclosed within the embodiments of the invention. These can be 
catalytic reactors as adapted to specific process requirements in terms of setting key 
operating variables such as reaction temperature, pressure, space velocity, feed 
composition, to deliver final products (i.e., hydrogen and synthesis gas) in the purity and 
throu^put required by consecutive applications. Moreover, flexibility in the selection of 
permreactor wall materials such as metals, inorganics, organics and composites, allows 
design of multifimctional permeable reactors which separate and deliver specific species 
(e.g., gases) with the required purity and throughput to consecutive applications. 
Flexibility in the selection of fimctional and specific permreactor wall materials for each 
process operation have also economic advantages. Current disclosed permreactor, 
separator, and overall process designs can utilize membrane materials selected from 
classes of metals, inorganics (non-porous or porous), polymers, caibons and 
caibonaceous materials, and composites. Therefore, the selection of less expensive 
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membrane materials for a specific permreactor, peimeator and process operation is 
available witii current invented designs.] 

9 Previous reactor and permeable reactor (mmbnine reactor) designs from 
the above cited references refer mainly to methane and methanol steam reforming 
reactions but not to carbon dioxide reforming, water gas shift and dehydrogenation 
reactions as the present invention also does. Moreover, previous inventions refer to 
processes occurring within a single reactor or permreactor or other reaction vessel 
inst^d of reactor-separator systems as the present invention describes. Present 
invention introduces processes which are based on double wall and multiwall 
permreactors for conducting conversion-upgrading reactions of primary and 
secondary hydrocarbon and alcohol u!;::turcs. 

The double wall membrane reactors can be of various designs and be made 
by various appropriate materials as disclosed within the embodiments and claims of 
the invention. The catalytic reactors are adapted to specific process requirements in 
terms of setting values of key operating variables such as reaction temperature, 
pressure, space velocity, feed composition, catalyst composition and weight, in order 
to deliver final products (such as hydrogen and synthesis gas) in the required purity 
and throughput for the consecutive applications. Selection of such variables like 
temperature, pressure, and feed composition in the different compartments of the 
described membrane reactor system is also of significant importance. This is because 
an interconnection and synergetic activity between the various compartments occurs 
during operation with reaction and separation operations to occur at the same time. 
Moreover, fiexibility in the selection of the double wall permreactor materials such 
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as metals, inorganics, polymers, and composites, allows for the design of processes 
which separate and deliver specific species (such as specific gases) with the required 
purity and throughput to the consecutive applications. Flexibility in the selection of 
fuactioaal and specific permreactor waU materials for each process operation have 
ako economic advantages. Therefore, the selection of less expensive membrane 
materials and manufacturing techniques for a specific permreactor, permeator and 
overall process is avaihible with the current invented designs and will affect (reduce) 
the cost of the overall process operation. 

10 Present invention also teaches the direct utilization of end product streams to 
consecutive synthesis reactors, foe! cells, gas turbines and gas engines. Use of such low 
pollution energy systems with increased efficiency is of updated utterest in utility, 
energy, chemical, refinery, automobite and environmental companies. Present 
invention focuses on converting and upgrading primary hydrocarbon fei;*L>ix«.ko cuJi ao 
methane, natural gas, coal gas, refinery feedstocks such as naphAa, [and] alcohol 
feedstocks such as methanol, [and] ethanol and higher alcohols into [to] higher calorific 
value hydrogen and caibon oxide mixtures[;]. Also [also] it focuses on converting 
secondary, flue, and waste hydrocarbon feedstocks such as acidic natural gas, biomass 
gas, flue gas rich in COj and CH4 to same valuable end products. Therefore, present 
invention describes also environmentally benign [reactor designs and process designs] 
processes which abate and upgrade at the same time, among the other feedstocks, 
otherwise waste gases to valuable hydrogen, syndesis gas, and hydrogen-[and] carbon 
dioxide mixtures. The [In] in situ conversion of carbon dioxide containing hydrocarbon 
mixtures to alternative fueb and chemicals including hydrogen, and the subsequent 
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mitigatioa [abatement] of the carbon dioxide negative atmospheric and tenestrial 
greenhouse effects [can be] are considered [an] additional benefits from the 
implementation of [the] tiiis invention. 

BRIEF SUMMARY OF THE INVENTION 

[ SUMMARY OF THE INVENTION ] 

11 [The present invention discloses double wall penneable reactors and the related 
elaborate reactor designs, which offer operational advantages by conducting in-situ 
reactions, in comparison with single wall penneable reactors and conventional non- 
permeable reactors. Consequently, three different permeable reactor configurations are 
disclosed. These reactor designs are applied to catalytic hydrocarbon and alcohol 
reforming, water gas shift and hydrocaibon dehydrogenation reactions. The first design is 
a double wall pemueactor which consists of three concentric hollow cylindrical tubes 
with the two inner ones to be made by permeable metal, inorganic, carbon or polymer 
materials depending on the type of feedstocks used and the desired composition of final 
exit streams. Heating tiibes run through the most-inner cylinder which is also filled with 
the main reaction catalyst. Similarly, the second reactor design consists also of three 
concentric hollow cylindrical tijbes with the two inner ones to be made by permeable 
metal, inorganic, carbon or polymer materials but wife the main reaction catalyst to be 
contained in tte annular space between fee most-outer and the next-inner tubes. Heating 
in this design is achieved by heating fee external side of fee most-outer tube. Third 
reactor design consists of an outer impermeable tiibe which nests multiple organic 
polymer or composite polymer tubes for gas permeation. Outer tube contains also fee 
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main reaction catalyst which is located around the polymer tubes. Heating is achieved by 
external heating of tiie outer tube. ] 

11 The present invention discloses processes which consist of double wall or 
ffittkiwall permreactors and systems of s«ich advanced reactors with consecutively 
placed separators and reactors to perform specific process operations. These 
integrated chemical-niechanical systems offer operational advantages by eondocting 
in-sittt reactions, in comparison with single wall permeable reactors and 
conventional impermeable reactors. Consequently, different double wall 
permreactor pntcesses are disclosed. These are used in catalytic hydrocarbss asd 
alcohol reforming, water gas shift, hydrocarbon dehydrogenation reactions. The 
first process comprises of a double waU permreactor which incorporates three 
concentric hollow cylindrical tubes with the two inner ones to be made by permeable 
(and permselective) inorganic, composite or metol materials depending on the type of 
feedstocks used, the reactions and reaction conditions occurring, and the desired 
composition of the final exit streams. Heating tubes run through the most-inner 
cyUnder which is also filled with the main catalyst to conduct the appropriate 
reaction. Additional catalyst can be pUiced in the two outer annular spaces created 
between far outer and next inner and between next inner and most inner tubes. By 
varying the catalyst position and catalyst type this process can be applied to a 
number of different reactions. Similarly, the second process involves a double wall 
permreactor which consists of three concentric hollow cylindrical tubes with the two 
iBEcr ones to be made by permeable (and permselective) inorganic, compostte or 
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metal materials and with the catalyst for the main reaction to be contained in the 
aaaalar space between the fer outer and the next inner cylindrical tubes. Heating in 
this process is appUed into the external side of the far outer tube. By applying 
catalyst at the different annular spaces created between the concentric tubes, this 
process can be appUed to various reactions. The two processes differ in the heat aad 
mass transfer profiles and distribution across the radial and axial distances. Use of 
the described advanced permreactor processes offer significant increases in 
conversion of reactants and increases in yield and selectivity of products. This is 
achieved via improved mass and heat transfer, and improved reaction rates withis 
the defined reaction and catalyst zones of the process as described above. Also, the 
effect of removing products out of the defined reaction zones during the reaction, 
increases the reactant conversion and the yield to useful products by shifting the 
equilibrium of the occurring reactions to the product side. Further, use of the 
described permreactors allows for systems of reactions to take place and be 
combined in the same module. Synergetic effects of utilizing products and/or 
reactants of these reactions to conduct improved processes in a consecutive and/or 
parallel manner is also a result of this invention. 

12 [Moreover, the invention pertains to systems of the described permeable reactors 
with consecutive permeatois for separation and fiirther processing of post-reaction gases 
exiting from the reactors. Permeators can be made by polymer membranes for the 
concomitant separation of hydrogen and carbon dioxide gases or by metal, non-porous 
inorganic and carbon membranes for the separation of hydrogen only. These 
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permreactor-penneator systems are appUed to combined hydrocarbon steam and carbon 
dioxide reforming, hydrocarbon steam reforming, hydrocarbon carbon dioxide reforming, 
alcohol steam reforming, water gas shift and paraffin dehydrogenation reactions for 
ii^creasing the reactant conversion and the yield to hydrogen, carbon monoxide and 
carbon dioxide. The separated hydrogen and carbon oxides are used in forther chemical 
synthesis reactions ard as foel in foel cells, gas turbir^es arKi gas engirds. invention 
also includes hydrocarbon^OrSteam reforming systems of permreactors with cryogenic 
separator, wherein the consecutive permeators are replaced by cryogenic separator, and 
pure hydrogen arKi carbon monoxide are r«x,vered as final products. SimUar 
permreactors are also directly intercormected with solid oxide foel cells for use of the 
p«Klucts hydrogen, carbon monoxide arKi steam as direct fuel in the anode of the cell. 
Fir^lly, fte invention ir«ludes use of the disclosed permreactor. in series with metharwl 
syirthesis and methanol reforming reactors for final production of methanol, hydrogen 
arKi carbon dioxide for use as syndesis chemicals or foels. Detailed description of the 
invention are presented in the embodiments of the following Figures.] 

12 Mensever, this invention pertains to eombined processes of the described 
permreactors with consecutive permeators and reactor for farther separation and 
processi«goftbepo«^-reactio«game«ti«gfromtheper«reacto«^ Permeators can 
be made by polymer, composite or metal membranes for the downstream 
concomitant sepamtion of hydrogen and carbon dioxide gases, or for the separation 
of hydrogen only. These permreactor-permeator systems are appUed to combined 
hydrocarbon steam and carbon dioxide reforming, hydrocarbon^eam reforming, 
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fuels or synthesis chemicals. 

[ BRIEF DESCRIPTION OF THE DRAWINGS] 

14 I Fig.l. sho>vs the cross section of a concentric double permeable wall 
cylindrical n^actor with tubular type heaters located along the catalyst zone, consisting of 
an inner metal, non-porous or porous inorganic, or carbon membrane tube and an outer 
nrembrane tube made by metal, non-^rous morganic, carbon or organic membrane 
enclosed within a far-outer impermeable tube. 
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Fig.2, shows multiple double permeable waU reactors of those described in Fig. 1, 
but without the external impermeable tube, which are placed symmetrically inside a 
larger common stainless steel tube, to create a multiple tube leactor with a common 
external area for collecting final permeate hydrogen 

Fig.3, shows a cross section of a concenfric double permeable waU cylindrical 
factor, consisting of an outer impemeable tube, a next-im«r membrane tube made by 
metal, non-porous or porous inorganic, or carbon membrane, and a most-imier membrane 
tube made by metal, non-porous inorganic, carbon or organic membrane. 

Fig.4, shows multiple double permeable wall cylindrical reactors of those 
described in Fig.3, which are placed symmetrically inside a larger stainless steel tube, to 
create a multiple tube reactor with a common external heating area. 

FigS., shows a cross section of a multiple permeable membrane tube reactor 
wherein the membranes are made by an organic or composite polymer and are nested 

within an outer impermeable tube. 

Fig.6. shows a system of a catalytic permreactor and a consecutive permeator or 
optionally a system of two catalytic permreactors in series for hydrocarix>n steam and 
CO2 reforming or for hydrocarbon CO^ reforming only. The reject from the permeator 
stream containing non-permeate hydrocarbon and CO can be optionally fed into a 
consecutive catalytic steam reforming reactor. 

Fig.7, shows a similar process as in Fig.6 in which the initial feedstock consists 
only of CO and steam, to undergo water gas shift reaction only in the first catalytic 
permreactor. The reject from the permeator, CO stream, can be recycled into the initial 
permreactor or optionally fed into a consecutive water gas shift reactor. 



Fig.8, shows a penmeactor-penneator or nsactor-penneator system appUed for 
catalytic dehydrogenation of C,-C, or higher alkane hydrocarbons; the reject from the 
membrane permeator olefinic stream can be used for polyolefin production. 

Fig.9, shows a catalytic perrmeactor-permeator system for the hydrocarbon steam 
reforming leactioa The reject fiom the membrane permeator hydrocarbon and CO 
stream can be recycled into the initial reformer or fed into a consecutive steam reforming 
reactor. 

Fig. 10, shows a system of a catalytic permreactor or impermeable reactor with a 
consecutive cryo^nic separator for hydrocarbon steam and CO2 reforming or for 
hydrocarbon CO2 reforming only. The one stream separated from the cryogenic 
separator, containing hydrocarbon, CO^ and steam can be alternatively fed into the inlet 

of Ae itiitial reforming reactor. 

Fig U, shows a system of a catalytic permreactor or impermeable reactor for 
hydrocarbon steam and CO^ reforming or hydrocarbon CO^ reforming only with 
complete conversion of hydrocarbon and CO2 gases to and CO, which product 
mixture is fed directly into a SOFC (solid oxide fuel cell) unit for electric current 
generatiorL 

Fig. 12, shows a system of a catalytic permreactor or impermeable re^ 
followed by a membrane permeator for hydrocarbon steam and CO2 reforming or 
hydrocarbon COj reforming only with complete conversion of hydrocarbon and CO2 
feedstocks to H2 and CO which product mixture enters into the permeator which 
separates H2 via permeation from CO. 
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Fig. 13. shows a system of a catalytic pennreactor for hydrocarbon, steam and CO2 
reforming or hydrocarbon CO2 reforming only with a consecutive methanol synthesis 
reactor from hydrogen, CO and CO^ or hydrogen and CO only followed by a methanol 
steam refonning reactor for production of H, and CO,. The system of reactors includes 
recycling streams of and CO: for increasing the overaU process efficacy. ] 

BRIEF DESCmmON OF THE SEVERAL VIEWS OF THE DRAWINGS 
14a Fig.1, shows a vertical cross sectional view of a concentric double wall 
cylindrical piwess permwactor with tubular type heat«rs located along the inner 
main catalyst ainc, consisting of an inner membrane tube and an outer membrane 
tube enclosed within a far outer impermeable tube. 

14b FigJ, shows a sectional view of the same process permreactor as in Fig.l, 
including the three catalyst beds, the two eyUnder type inner and outer membrane 
tubes, the inner arial heating elements, and the inlet and outlet ports in each section 
of the permreactor, 

14c Fig3, shows multiple double wall process permreactors of those described in 
Fig.1, but without the far outer impermeable tube, which are placed symmetrically 
inside a larger common impermeable metal tube, to create a multiple tube 
permreactor with a common external area for collecting final permeate hydrogen. 
14d Fig.4, shows a cross section of a similar concentric double wall process 
permreactor, consisting of a far outer and heated impermeable tube, a next inner 
membrane tube and a most inner membrane tube: 
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14e Fig.5, shows multiple double wall process permreactors of those described in 
Fis.4, which are placed symmetricaUy inside a larger impermeable metal tube, to 
create a multiple tube permreactor with a common external heating area. 

IB the Figures below, the permreactors can be any of those described in Fig.1, 
Fig3,Fig.4, Fig.5 above. 

14f Fig.6, shows a combined process which includes a catalytic permreactor in 
scries with a .cnacutivc pcrmeator or a i^tor for hydrocarbon and alcohol steam 
and CO, reforming, hydrocarbon CO, n^forming only, and water gas shift The 
reject from the pcr=;cator stream containing non-permeate hydrocart»on and CO 
can be optionally fed into a consecutive catalytic steam reforming reactor. 
14g Fig.7, shows a simitar process with this in Fig.6, in which the initial feedstock 
consbts only of carbon monoxide (CO) and steam to undergo only the water gas shift 
reaction in the first catalytic permreactor. The reject from the permeat»r, CO 
stream, can be recycled into the first permreactor or optionally fed into a 
consecutive water gas shift reactor. 

14h Fig.8, shows a permreactor-reactor process applied in the catalytic 
dehydrogenation of C.^. or higher alkane hydrocarbons. The reject stream from 
the permreactor rich in olefins is fed in the consecutive reactor for production of 
polyolefins or specialty chemicals. 

14i Fig.9, shows a catalytic permreactor-permeator process for the hydrocarbon 
or alcohol steam reforming reaction. The reject from the membrane permeator 
hydrocarbon, alcohol, and carbon monoxide stream can be recycled into the initial 
reformer or fed into a consecutive (second) steam reforming reactor. 
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14j Fig.10, shows a process of a catalytic permreactor which combines a 
consecutive cryog«.ic separator for hydrocarbon steam and CO2 reforming or for 
hydrocarbon CO, reforming only reactions. The liquified stream separated from the 
cryogenic separator, ccataisiag hydrocarbon, CO, and steam can be fed into the 
inlet of the initial reforming reactor. The gaseous stream from the separator 
contains H2 and CO. 

14k Fig.ll, shows a process which includes a catalytic permreactor for 
hydrocarbon steam and CO, reforming or hydrocarbon CO, reforming only with 
complete conversion of hydrocarbon and CO, gases in the reactor to H, and CO, 
which product mixture is fed directly into a SOFC (solid oxide fuel cell) or a MCFC 
(molten carbonate fuel ceU) unit for electricity generation. 

141 Fig.l2, shows a process which includes a catalytic permreactor for 
hydrocarbon, steam, and CO, reforming or hydrocarbon CO, reforming only with a 
consecutive methanol synthesis reactor from hydrogen, CO and CO, or from 
hydrogen and CO only. Methanol from the second reactor can be used as fuel, 
synthesis chemical, or as feed in a methanol powered fuel ceU for electricity 
generation. 

[ DETAILED DESCRIPTION OF THE DRAWINGS ] 

15 [Fig. 1 shows a cross section of the membrane reactor to be used in steam and 
carbon dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas shift 
and dehydrogenation reactions, which consists of a concentric double wall cylindrical 
assembly with tubular type heaters located within the catalyst, along the catalyst zone. An 
outer impermeable tube (7) nests the two permeable concentric tubes. Reacting 
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feedstocks such as steam and hydrocarbon, CO, and hydrocarbon, steam, CO, and 
hydrocaibon, steam and alcohols, or alkanes (pamffins) such as ethane, propane, n- 
butane, i4,utane, pentane, naphtha and higher j«raffins, are fed within the main catalyst 
zone (4) through special inlet fittings and they react in the catalyst to produce hydrogen, 
carbon monoxide, carbon dioxide. Optionally, small volumetric quantities of hydrogen 
can be added into above feedstocks to prevent heavy catalyst deactivation in the reactor 
inlet, wherein propensity for hydrocarbon cracking into carbon is high in absence of any 
hydrogen. IHe hydrocarbon informing catalyst can be nickel, ruthenium, rhodium, 
palladium enriched with earth type metals such as potassium, calcium, magnesium, 
lanthanum, cerium, and supported on alumina, silica, titania, zirconia or other inorganic 
oxide. For the water gas shift reaction the catalytic metal can be nickel, also iron, copper, 
zinc, chromium, cobalt enriched with and supported on similar metal oxides. The 
methanol reforming catalysts can be zinc, chromium, copper, iron, nickel, ruAenium, 
rhodium, palladium. Finally, the above described reactor design is applied as well for 
paraffin (alkane) dehydrogenation reactions and the reactor becomes a catalytic 
dehydrogenator which utilizes platinum, chromium, palladium catalysts enriched with 
and supported on similar inorganic oxides.] 
DETAILED DESCRIPTION OF THE INVENTION 

15 Fi&l shows the top cross section of the double wall processing pcrmrcactor 
used in steam and carbon dioxide reforming of hydrocarbons, steam reforming of 
alcohols, water gas shift and alkane dehydrogenation reactions. It consists of a 
concentric double membrane wall cyUndrical assembly with tubular type heater, 
located within the catalyst, along the most inner main catalyst zone. A far outer 
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impermeable tube (7) nests the two permeable cooceDtric tubes (1) and (2). Reacting 
feedstock saeh as steam and Hydrocarbons, COr and hydrocarbons, steam, CO, and 
hydrocarbons, steam and alcohob, or alkanes such as ethane, propane, n-butane, «- 
butane, pentane, naphtha and higher paraffins, are fed within the main catalyst «.ne 
(4) through special inlet fittings and react in the catalyst to produce hydrogen, 
carbon monoride, carbon dioridc or olefins. OptionaUy, small volumetric quantities 
of hydrogen can be added into above feedstacks to prevent the deactivation of 
catalyst in the inlet of the reactor, wherein propensity for hydrocarbon cracking into 
carbon is high in the absence of hydrogen. The hydrocarbon reforming catalysts can 
be nickel, ruthenium, rhodium, palladium, chromium, cobalt, enriched with earth 
type metals such as calcium, lanthanum, potassium, magnesium, cerium, yttrium, 
and supported on oxides of alumina (A1,0,), titania (TiO,), sUica (SiO,), zirconia 
(ZrOz), tonthanum (LajO,), types of glass or on other inorganic or metal oxides. For 
the water gas shift reaction the catalytic metals can be nickel, iron, copper, rinc, 
chromium, cobalt enriched with similar earth metals and supported on simitar metal 
oxides. The methanol reforming catalysts can be mc, chromium, copper, iron, 
nickel, cobalt enriched with and supported on simUar metal and metal oxides. 
Finally, the described permreactor process is appUed as weU for alkane 
dehydrogenation frictions and it becomes a catalytic dehydrogenation process 
which utilizes platinum, chromium, paUadium, rhodium, ruthenium catalysts 
enriched with and supported on simitar metal and inorganic oxides. The above 
catalysts are atea used « >asc «cxt embodiments (figures) of the described reaction- 
catalysis processes. 
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16 [Hydrogen is removed along the inner membrane tube (2), wherein the membrane 
is made by a metal or inorganic (non-porous or porous), porous inorganic-metal or 
carbon material. Carbon monoxide, carbon dioxide, steam, hydrocarbons, alcohols may 
ili. ^.o^acate UHWi# fast memte^ in a lesser de^ than hydrog® if tiie membrane 
is porous inorganic or inorganic-metal. An inert carrier gas such as argon, nitrogen, steam 
or a mixture of these gases may flow along the permeate annulus, between tubes (2) and 
(1). throu^ suitable inlet fittings, to carry the permeate components at a specific 
pressure value. Permeate hydrogen is further removed through permeation along the 
outer membrane tube (1) so that permeated stream contains pure hydrogen only, with 
pure hydrogen to be used in various applications including feed to synthesis reactors, gas 
turbines and engines, and fuel cells. Outer membrane tube (1) is made by a metal, non- 
porous inorganic or carbon membrane which allows only hydrogen to permeate through, 
and therefore purifies hydrogen from the permeating carbon oxides, steam and 
hydrocaitons, in Ae annular zone between the two membrane tubes.] 
16 The reactant pressurized gas is fed into the main catalytic zone (4) and the 
pr«»ure in this zone is maintained the highest The pressure drops progressively 
from zone (4) to zone (8) to zone (5), with outer zone (5) to be at the lowest pressure. 
This pressure gradient is necessary to maintain an outward permeation and flow of 
the selective gases radially from membrane (2) to membrane (1). Hydrogen is 
removed first along the most inner membrane tube (2), wherein the membrane 
material is an inorganic or composite materiaL Carbon monoxide, carbon dioxide, 
steam, hydrocarbons, alcohols may also permeate through first membrane (2) in a 
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lesser degree than hydrogen. An inert carrier gas such as argon, nitrogen, steam or a 
ffiistarc cf &csc pises may also flow along the permeate annnlus, between tubes <2) 
and (1), through suitable inlet fittings, to carry the permeate components at a fixed 
pressure. Permeate hydrogen is further removed via permeation along the next 
inner membrane tube (1), so that permeated stream contains pure hydrogen only, 
with pure hydrogen to be used in various appUcations including feed to synthesis 
reactors, gas turbines and engines, and fuel cells. Next inner membrane tube (1) is 
made by a metal or non-porous inorganic membrane which allows only hydrogen to 
permeate through, and therefore purifies hydrogen from the permeating carbon 
oxides, steam, alcohols and hydrocarbons, flowing in the annular zone between the 
two membrane tubes. 

17 [ Metal materials pemeable to hydrogen for the membrane tubes (1) and 
(2), include palladium, vanadium, and palladium alloys such as palladium-nickel, 
paHadium-silver. palladium-zinc, palladium-chromium, palladium-copper, palladium- 
tungsten and others. Hydrogen permeable non-porous inorganic membranes include 
silicon carbide, silicon nitride, tungsten carbide, tungsten nitride, titanium carbide, 
titanium nitride, tantalum caAide, tantalum nitride and others. Porous inorganic 
membranes include alumina, silica, titania. ziiconia, various types of glass and others. 
Caibon type membranes are made by deposition or other fabrication method (i.e., 
pyrolysis) of cartwn or carbonaceous materials within a porous substrate to make it 

hydrogen permeable. 

Metal and metal alloys can be deposited on porous inorganic or metal surfaces to 
make them hydrogen permeable. Palladium and other metal deposition as membmnes 
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can be done with electroless plating, electroplating, sputtering, chemical vapor 
deposition, physical vapor deposition and other applicable metal deposition or 
metallization techniques. Inorganic, inorganic-metal membrane materials can be 
deposited as well in porous inorganic or metal surfaces via various deposition techniques 
including incipient wetness, dip coating and sol gel mctiiods. ] 
17 Metal materials permeable to hydrogen for next inner membrane tube <1) 
include palladium, vanadium, palladium aUoys such as palladium-mckcl, palladium- 
silver, palladium-copper, palladium-tungsten and others. Hydrogen permeable non- 
porous inorganic membranes include siticon carbide, silicon nitride, tungsten 
carbide, tungsten nitride, titanium carbide, titanium nitride, tantalum carbide, 
tantalum nitride and others. Porous and microporous inorganic membranes for the 
most mner tube (2) include oxides of alumma, silica, titania, zirconia, various types 
of glass and others. Composite type membranes for tube (2) are made by deposition 
or fabrication of a polymer or metal into a porous Inorganic substrate (support) to 
make it hydrogen or hydrogen and cariwn dioxide permeable. Inorganic membrane 
materials are made or modified via various deposition techniques including Incipient 
wetness, dip coating and sol gel methods. 

Metal and metal alloys for next inner tube (1) are also deposited on porous inorganic 
or metal surfaces to make them hydrogen permeable. Palladium and other metal 
deposited membranes are fabricated by electroless plating, electroplating, 
sputtering, chemical vapor deposition, physical vapor deposition and other 
applicable metal deposition or metallization techniques. 
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18 [ Organic polymer, composite or copolymer membranes can be made by polymers 
such as polyimides, polycarbonates, polysulfones. polybenziimidazoles, 
polyphosphazenes, polyamides, polystyrenes, polycaprolactams, parylenes, polyvinyl 
haivks, polyacetates, polysiloxanes and others to be permeable to hydrogen or to 
hydrogen and carbon dioxide. FinaUy, composites of the previous materials can be also 
made as hydrogvR pcnsoabb membranes such as inorganic-metal, inorganic-organic, 
inorganic-metal-organic composites. Metal and metal alloy, non-porous inorganic and 
carbon membranes are highly selective to hydrogen, while porous inorganic, organic, and 
composite membranes are usually selective to other species as well. The disclosed double 
permeable wall reactor design can be fabricated by selecting among the aforementioned 
materials to satisfy process requirements for the reactor itself and the consecutive 
application processes disclosed later in the text. ] 

1 8 Organic polymer, composite, or copolymer membranes are made by polymers 
such as polyimides, polycarbonates, polysulfones, polybenziimidazoles, 
polyphosphazenes, polyamides, polystyrenes, polycaproUictams, parylenes, polyvinyl 
halides, polyacetates, polysiloxanes and others in order to be permeable to hydrogen 
or to hydrogen and carbon dioxide. Composites of materials are made as hydrogen 
or hydrogen and carbon dioxide permeable membranes and are based on inorganic^ 
metal, inorganic-organic, inorganic-metal-organic composites. Metal, metal alloys, 
non-porous inorganic, membranes are highly selective to hydrogen, while porous 
and microporous inorganic, polymer, and composite membranes are also selective to 
other species as wdl including carbon dioxide. The disclosed double wall 
permreactor process can utilize among the aforementioned materials to satisfy tiie 
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necessary process requirements. The described membranes (1), (2) can also act as 
catalytic materials to partly catalyze the occurring reactions. 

19 [ The external space, created between the outer hydrogen f^rmeable membrane 
tube <1) and ^ impermeable fer outer shell (7), which receives the final permeate 
hydrogen, can be either empty, or may contain a selective catalyst (5) which converts 
permeate hydro^n after its combination with a component flowing in the external space 
parallel to the outer membrane tube. Such a flowing (sweep) component can be an 
unsaturated hydrocarbon (e.g., alkenes, alkynes) for conversion to saturated hydrocarbons 
after reaction with hydrogen, in an exothermic reaction. Flowing (sweep) component can 
be also carbon monoxide for direct production of methanol or gasoline (throu^ Fischer- 
Tropsch synthesis) after combination with the permeate hydrogen in exothermic type 
reactions. Flowing gas can be nitrogen for exothermic ammonia synthesis after its 
combination with the permeate hydrogea Other combination reactions of flowing 
species with permeate hydrogen can be these for reduction of aromatic hydrocarbons, 
also these for saturation of unsaturated alcohols, phenols, aldehydes, ketones, acids, 
these for reduction of alkyl and aryl halides and these for reduction of nitroalkanes and 
aromatic nitro compounds to corresponding primary amines. 

The heat generated by exothermic reactions in the external shell, may be 
transferred into the catalytic reaction zone of the inner membrane tube via the radial 
direction, thus providing part of the heat load necessary to drive the endothermic 
catalytic reactions in the inner membrane tube. ] 

19 The external space, created between the next inner membrane tube (1) and 
the impermeable fiir outer sheU (7), which receives the final permeate hydrogen, can 
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correspoDding primary amines. 

20 Permeaioa of reaction pB>du«, ttough the meoAraoe t»bes. especially 

hydrogen ^ ^- <^'««*»«"' 

oonversion of reecuint species ,. the product side and produces excess byd^gen and 
cartx,n oxide products «i.hin me catalytic reaction zone (4). Outer membrane n*e 
r^y. serves as a final p«n,eable m^um for .be recovery of higUy p«« hydrogen 
f„ us. in hydtogcn utili^tion applications. Outer metal membrane tube serves 
also as a separation medium for hydrogen out of the central annular zone between the 
„«, memb«,e tubes, so that partial pressure of hydrogen lowers substantWly along the 
annular zone, and d«,efore condnuous driving force exists for hydrogen permeation ftom 
the catalyHc reaction zone (4) to the central annular zone (8). 
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20 Permeation of reaction products through the membrane tubes, especially this 
€f hydrogen through the most inner membrane tube <2), shifts the thermodynamic 
equiUbrium conversion of reactant species into the product side and produces excess 
hydrogen and carbon oxides within the catalytic reaction ame (4). Next inner 
membrane tube (1) thereby, serves as a final permeable medium for the recovery of 
highly pure hydrogen product for use in hydrogen utUizatlon applications. 
Membrane tube (1) serves also as a separation medium for hydrogen out of the 
central annular zone between the two membrane tubes, so that the partial pressure 
of hydrogen lowers substantially along the annuter zone, and thereby continuous 
driving force exists for permeation of hydrogen from the catalytic reaction zone (4) 
into the central annular zone (8). 

21 { As an alternative to the invented design, for low operating gas reforming and 
dehydrogenation temperatures (e.g., between 200-tOO^C) in the absence of steam as a 
reactant, the inner membrane tube (2) can be made by porous inorganic or inorganic- 
metal materials and the outer membrane tube (1) can be made by organic materials which 
wi&stand high temperature {i.e., matmals with high glass transition temperature, Tg), 
and are permselective to both hydrogen and carbon dioxide which permeate through the 
inner tube (2) and flow along the central annular zone (8). The mixture of and CO2 
can be used directly in chemical synthesis applications such as this of alternative 
methanol synthesis via the reaction: COj+SH^^CHsOH+HA and as direct feed in 
molten carbonate fuel cells via the overall electrochemical reaction. H2+CO2+I/2O2 — 
H2O+CO2. Moreover mixtures of H2 and CO2 can be converted to CH4 or CO, if a 
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special applicatidn fequifes, via the inetbanatioii or reverse water gas shift reactions 
respectively given below: 

C02+4H2=CH4+2H20, C02+H2=COH20 ] 
21 As an alternative to the invented process and design, for low operating gas 
reforming and dehydrogenation temperatures (e.g., between 200-50(»*C> and in the 
absence of steam as rcactant, the most inner membrane tube (2) is made by 
inorganic or composite materiate and the nest inner membrane tube (1> is made by 
inorganic, composite, or high temperature polymer materials (Le., materials with 
high glass transition temperature, Tg) which are permseiective to both hydrogen 
and «arbon dioxide The test two gases permeate through the next inner tube (1) as 
they flow along the central annular zone (8) after permeation from the most inner 
membrane (2). The recovered mixture of and CO2 is used directly in chemical 
synthesis applications such as this of alternative methanol synthesis: 
COi+SHi^CHjOH+HjO, reaction (6), and as direct feed in mottcn carbonate fuel 
cells via the overall electrochemical reaction: 

II1+CO2+I/2O2 HjO+COi (*) 
Moreover, recovered mixtures of Hj and COj are converted alternatively into CH4 
or CO via the mcthanation or the reverse water gas shift reactions respectively as 
shown next: C02+4H2=CH4+2HzO (9), COz+Hz^CO+HiO (10), 
22 The external (next inner) [(outer)] membrane (1) serves also as a backup 
membrane medium in case the most inner membrane (2) develops cracks or defects and 
its permeability to various gases increases. In this case, the next inner (outer) membrane 
(1) will selectively separate specific gases based on the selected membrane material as 
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described above. [Moreover, operational and maintenance service for replacing old or 
damaged membrane and outer non-membrane tubes becomes easier with the proposed 
design, because each part of the reactor is intercomiected with the rest and can be 
disassembled and assembled accordingly ] Moreover, operational and mamtenaoce 
service for replacing old or damaged membrane tubes and catalysts become easier 
with the proposed design, because the parts of the permreactor are interconnected 
properly via top and bottom caps and can be disassembled and assembled 
accorfin^y. The top and bottom ends where the tubes ar« interconnected are sealed 
with proper materiab or welded or glazed to prevent gas flow or leak between the 
various compartments. 

23 An optional design of the permreactor may include an additional catalytic 
zone (8) which is created between the most inner membrane tube (2) and the next 
inner membrane tube (1) and can be used in various reactions and processes. 

Heating of *e reformer or reactor is achieved via cylindrical tubes (6) arranged 
symmetricaUy around the ami reactor axis and operated in the gas combustion regime 
by flowing waste type hydrocarbons or hydrocarbor^hydrogen mixtures mixed with 
oxygen or air. Unreacted hydrocarbons, carbon monoxide, non-permeate hydrogen or any 
mixture of these species ftom the catalytic reformer outlets (4), (5), (8), can be recycled 
as well into the heating [combustion] tubes (6). Flue or waste gases coming out from 
the intem,mi«c<«d fuel cells, engines or turbines can be also used directly to provide 
the necessary heat load into tubes (6). In an alternative heating configuration, a single 
tubular heating [cylindrical tube having the shape of a tube or a] coil is located along 
the reactor axis in zone (4) and can be operated by using same quality of combusted 
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gases. [In a third alternative configuration the symmetrically located tubes with flowii^ 
gas can be replaced by cylindrical elecfric heaters, heating bars or coils. ] 
24 [Fig.2, shows multiple double penneable wall reactors of those described in Fig. 1, 
but without the far outer impermeable tube (7), which are jdaced symmetricaHy inside a 
larger impermeable tube (Al), to create a multiple tube reformer with a common external 
area for collecting fmal permeate hydrogen.] 

Fig.2, shows a lateral sectional view of the process permreactor described in 
Fig.l. The embodiment includes catalyst beds 4, 5 and 8 placed along the different 
tubular sections of the permreactor. The most inner tube bears inner membrane (2) 
while next inner tube bears outer membrane (1). The most inner tube includes 
tubular heating elements A6 along its axial length. Feedstock gases are entered into 
the permreactor via inlet ports Al and the product and reactant gases exit via outlet 
ports A3. Alternative safety outlets AS are located in the outer shell to discharge 
excess pressure in case of a sodden increase. Top and bottom caps A2 and A4 close 
the miet and outlet of the tubular permreactor system and seal properly the ends of 
the different tubes by means of proper fittings or by using seal or glaze type 
materials or welding to prevent unwanted gas flow or leaks between the tubes. 
25 [Fig.3 shows wiother developed reformer or reactor design to be used in steam 
and carbon dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and dehydrogenation reactions. Reformer or reactor consists of a most outer 
impermeable tubular cylinder (shell) (1) which is hollow inside in order to nest two more 
concentric tubular cylinders, a next inner one (2) and finally a most-inner (3) which both 
are made by permeable materials. Most outer cylinder (1) is made by impermeable 



34 



stainless steel or alloys, but next-inner cylinder (2) consists of metal, metal alloys, non- 
porous and porous inorgsmics, porous inoi^anic-miBtals or carbon materials such as those 
described in embodiment of Fig. 1 . 

The derived concentric cylindrical assembly has proper inlet and outlet fittings for 
feeding the feedstocks and discharging the post-reaction species. Proper inlet and outlet 
fittings are interconnected with the different sites of the cylindrical assembly. Fittings are 
connected to the annular space between most-outer and next-inner cylinders to deliver 
and collect gases flowing in this space. Additional independent fittings are connected to 
the annuiar space between Ae next-inner and most-inner cylinders to dehver and collect 
gases flowing in this space. Additional independent fittings are connected to the tubular 
space of the most-inner cylinder to deliver and collect gases flowing in this space. The 
fittings are made in such a manner so that they can seal in a leak-firee manner each 
corresponding space, and the overall cross section of the double permeable wall 
cylindrical tube assembly. Before the fittings are applied and tighten, the annular space 
between the most outer (external) and next-inner cylinders is filled with the proper 
reaction catalyst in pellet or particle form to make the catalytic reaction zone (4) Proper 
catalyst is used for each reforming, water gas shift and dehydrogenation reactions. 
Catalysts used in these reactions are same with these mentioned above in description of 
embodiment of Fig. 1. 

In steam, CO2 reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and paraffin dehydrogenation reactions, hydrogen is removed along the next-inner 
lateral cylindrical metal membrane surface (2), with carbon monoxide, carbon dioxide, 
steam, hydrocarbons, alcolwls to possibly also permeate through inner lateral membrane 
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surfece in a lesser degree than hydrogen depending on Ae membrane material used. An 
inert earner gas such as argon, nitrogen, steam or a mixture of those gases, may flows 
along the permeate am^ulus, between tubes (2) and (3), through suitable inlet fittings, to 
cany the permeate components at a specific pressure value. Permeate hydrogen is further 
removed through permeation along the lateral surfece of most-inner membrane tube (3) 
so that the final permeated stream contains pure hydrogen only, with pure hydrogen to be 
used in various applications including feed to synthesis reactors, gas turbines and 

engines, and fuel cells. 

n.e most-imier membrane tube (3) is made by a metal, metal alloy, non-porous 
inorganic or carbon membrane which allows only hydrogen to permeate through and 
therefore purifies hydrogen from the permeating carbon oxides, steam and hydrocarix,ns, 
flowing in Ae amiular zone created bet^^^n the next-imier and most-imier cylindrical 
tubes. Membrane tubes (2) and (3) can be made with similar manufacturing techniques as 
those described in embodiment of Fig.l. Th. mo^-imier membrane tube can be either 
empty or may contain a selective catalyst (5) which converts permeate hydrogen 
combined with another component flowing throu^ the inner bore of this tube. Such a 
flowing (sweep) component can be an unsaturated hydrocarbon (e.g., alkenes, alkynes) 
for conversion to saturated hydrocarbons, after reaction with the permeate hydrogen in an 
exothermic reaction. Flowing (sweep) component for hydrogenation by the permeate 
hydrogen can be also carbon monoxide for direct production of methanol or gasoline 
hydrocarbons (through Fischer-Tropsch synthesis) in exothermic type reactions. Flowing 
(sweep) gas can be nitrogen for exothermic ammonia synthesis after combination with 
the permeate hydrogen. Other combination reactions with permeate hydrogen can be 
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these for reduction of aromatic hydrocarbons, also these for saturation of unsaturated 
alcoliols, phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl halides 
and these for reduction of nitroalkanes and arranatic nitro compounds to corresponding 
primary amines. Alternatively, pure permeate hydrogen can be used as direct feed in 
hydrogen based turbines and engines, fuel cells, and other power generation equipment. 
The heat generated by exothermic reactions in the most-inner cylindrical bore, may be 
transferred into the catalytic reaction zone of the outer membrane cylinder via the radial 
direction, thus providing part of the heat load necessaiy to drive the endothermic 
catalytic reactions in catalyst bed (4) located within the outer membrane cylinder. 

Permeation of hydrogen throu^ the first inner membrane tube, shifts the 
thermodynamic equilibrium conversion of reactant species to the product side and 
produces excess hydrogen and carbon oxide products for reforming and water gas shift 
reactions, and hydrogen only for parafiRn dehydrogenation reactions. 

Most-inner membrane tube thereby, serves as a final permeable medium for the 
recovery of highly pure hydrogen product for use in hydrogen utilization applications. 
Most-inner metal membrane tobe serves also as a separation medium for hydrogen out of 
the annular zone between the two hollow cylindrical membrane tubes, so that partial 
pressure of hydrogen lowers substantially along the annular zone, and therefore 
continuous driving force exists for hydrogen permeation from the enclosed catalytic 
reaction zone (4) to the central annular zone (7), through the next inner membrane tube 
(2). 

As an alternative to the invented design, for low operating gas reforming and 
dehydrogenation reaction temperatures (e.g., between 200-400*C) and in the absence of 
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steam as a leactant. the next-inner membmne tube (2) can be made by porous inorganic 
or iaorgamcmetal materials which are permeable to several species diffusing out of the 
reaction zone (4), and the most-imier membrane tube (3) can be made by organic 
m^i^^ ^ ^ tmpemltffes (have high glass transition lemperature. Tg) 

and ai^ pennseiective to both hydrx)gefl and caibon dioxide species which flow along the 
centmi annular zone (7). The binary permeate mixture of H, and CO. can be used in 
applications described already in embodiment of Fig. 1 . 

ffiost-iffiier membmne serves also as a backup membrane medium in ease the 
first-inner membrane develops cracks or defects and its permeability to various gases 
increases. In this case, fee most-inner membrane will selectively separate specific gases 
based on the selected membrane material as described above. Moreover, operational and 
maifllenance service Cm replacing old or d^mged membrane and outer non-membrane 
tubes becomes easier with tiie proposed design, because each part of the .reactor is 
interconnected with the rest and can be disassembled and assembled accordingly. 

Heating of the described reformer or reactor is achieved via external heat 
provisiim (6). The exiemat to the reformer combustion regime can be fueled by {lowing 
waste type hydrocaibons or hydrocarbon-hydrogen mjxtures mixed with oxygen or air. 
Unreacted hydrocarbons, carbon monoxide product, non-permeate hydrogen product, or 
any mixture of these post-reaction species coming out of the cylindrical reformer outlet 
connected with ^ catalyst zone (4). can be recycled as well into the external 
combustion-heating zone (6). Optionally, external heating of most-outer shell (I) can be 
provided by cylindrical type heaters or heating elements (i.e., made by ceramic, 
composite materials) in contact with the shell. ] 
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FigJ, shows multiple double waU process permreactors of those described in 
Fig.l, after rciiio%ai of the far outer ifflpermeabte tube (7), which aU are placed 
symmetrically inside a larger impermeable tube (Al), to create a multiple tube 
reactor with a common external area for collecting final permeate hydrogen. The 
common external area may contain a catalyst (zone 5) wherein a catalytic reaction is 
conducted as described in Fig.l above. This type of process configuration is able to 
process large amounts of reacting feedstocks and to produce larger throughputs of 
product mixtures in comparison with the single module process of Fig.1. 
26 P'ig.4, shows multiple double permeable wall cylinder reactors of those described 
in FigJ, which are placed symmetrically inside a larger impermeable tube (shell) (Al), to 
create a multiple tube reformer with a common external heating area. ] 

26 Fig.4 shows the top cross sectional view of another developed double wall 
membrane process reactor (permreactor) used in the process of steam and carbon 
dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas shift and 
alkane dehydrogenation reactions. Overall reactor process consists of a most outer 
hollow impermeable tube (outer sheU) (1) which nests two more concentric hoUow 
permeable tubes, a next inner one (2) and a most-inner (3). Most outer cylinder (1) is 
made by impermeable metal or alloy such as stainless steeL Next-inner membrane 
tube (2) is made by an inorganic or composite material which is permeable and 
selective to hydrogen and partly to the other reaction species. 

27 The derived concentric multitube assembly has proper inlet and outlet 
fittings for feeding the feedstocks and discharging the post-reaction species similar to 
those described in Fig.1 and Fig.2 above. Inlet and outlet fitttngs are connected into 
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the ends of the three different tubular cyKodere siraiiarly to those shown in Fig.2, to 
deliver and^Hect gases flowisg through tiiese spaces. Top and bottom caps are also 
used to seal the ends of the overaU reactor. Before the caps are applied and tighten, 
the annular space between the different cylinders is filled with the appropriate 
catalyst in peUet or particle form to make the catalytic reaction zones (4), (5) and (7). 
Proper catalyst is used for each reforming, water gas shift and dehydrogenation 
reactions. Catalysts used in these reactions are same with those mentioned above in 
the description of embodiment of Fig.1. The pressure is higher in zone (4) and drops 
progressively inwards from zone (4) to zone (7) to zone (5), with zone (5) to be at the 
lowest pressure. This pressure gradient assures the selective permeation and flow of 
gases inwards from membrane (2) to membrane (3). 

28 In steam, CO2 reforming of hydrocarbons, steam reforming of alcohols, water 
gas shift and alkanc dehydrogenation reactions, hydrogen is removed along the next- 
inner lateral membrane surface (2), with carbon monoxide, carbon dioxide, steam, 
hydrocarbons, alcohols to possibly also permeate through the same membrane 
surface in a lesser degree than hydrogen depending on the type of the membrane 
material used. An inert carrier gas such as argon, nitrogen, steam or a mixture of 
those gases, may flows along the permeate annular zone, between tubes (2) and (3), 
through the inlet fittings, to carry the permeate components at a specific pressure 
value. Permeate hydrogen is further removed through permeation ahmg the lateral 
surface of most-inner membrane tube (3) so that final permeate stream contains 
pure hydrogen only, with pure hydrogen to be used in various subsequent 
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applications including feed to synthesis reactors, gas turbines and engines, and fuel 
cells. 

29 The most-inner membrane tube (3) is made by a metal or non-porous 
inorganic membrane which allows only hydrogen to permeate through and therefore 
purifies the hydrogen from the permeating carbon oxides, steam, hydrocarbons and 
alcohob, flowing in the central annular zone (7). The membranes in tubes (2) and (3) 
are made with similar manufactiiring techniques as those described in embodiment 
of Fig.l. Membranes (2) and (3) can act also as catalysts to partly catalyze the 
occurring reactions. The most-inner membrane tube can be eitiier empty or may 
contain a selective catalyst (5) which can convert permeate hydrogen after 
combination with another component flowing through the inner bore of this tiibe. 
The reactions occurring are similar to these described in embodiment of Fig.1. 
Attematively, pure permeated hydrogen can be used as direct feed in hydrogen 
based turbines and engines, fuel cells, and other power generation equipment. 
30 Permeation of hydrogen through next inner membrane tiibe (2) shifts the 
thermodynamic equilibrium conversion of reactant species to the product side and 
produces excess hydrogen and carbon oxide products in zone (4). Most-inner 
membrane tiibe (3) thereby, serves as a final permeable medium for the recovery of 
highly pure hydrogen for use in hydrogen utilization applications. Most-inner 
membrane tiibe (3) serves also as a separation medium for hydrogen out of the 
central annutar zone (7) so that partial pressure of hydrogen lowers substantiaUy 
along the annular zone, and thereby continuous driving force exists for permeation 
of hydrogen from the catiilytic reaction zone (4) into the central annuter zone (7). 
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34 Heating of the described reactor is achieved via external heat provision (zone 
6). The external to the reformer combustion regime can be fueled by flowing waste 
type hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen or air. 
Flue or waste gases coming out from the interconnected fuel cells, engines or 
turbines can be also used directly to provide the necessary heat in zone (6). 
Unreacted hydrocarbons, carbon monoxide and non-permeatc hydrogen products, or 
any mixture of these post-reaction species coming out of the outlets connected with 
the catalyst zones (4), (5) or (7) can be recycled as well into the external combustion- 
heating zone (6). Optionally, external heating of most-outer tube (1) can be provided 
by cylindrical type heaters or heating elements in contact with the outer tube. Thus, 
the lateral sectional view of the described processing permreactor in Fig.4 is similar 
with this of Fig.2 with the exception that there are no tubular type heaters in the 
most inner annular zone (5) as shown in Fig.1 and Fig.2. 

35 [Fig.5 shows a cross section of a reformer or dehydrogenation reactor which 
consists of multiple cylindrical hollow polymer membrane tubes or fibers (1) nested 
within an outer impermeable metal cylindrical tube (2) which also contains the catalyst 
(3) in particle or pellet form, for the specific reactions mentioned below. 

Reacting gas feedstocks fi-ee of steam such as CO2 and hydrocarbons also parafSn 
hydrocarbons are fed within the catalyst zone (3) through special inlet fittings and they 
react in the catalyst to produce hydrogen and carbon monoxide or hydrogen and olefins. 
Optionally, small volumetric quantities of hydrogen can be added into above feedstocks 
in inlet of the reactor assembly, to prevent heavy catalyst deactivation in the reactor inlet, 
wherein propensity for hydrocarbon cracking into carbon is high in absence of any 
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hydrogen. The CO2 (dry) reforming or dehydrogenation catalysts are the same metallic 
type with those described in embodiment of Fig J. Steam is avoided as a reactant in the 
reactor to avoid long term plasticization and structural damage of membrane tubes and 
loss of related permeability and selectivity properties. 

Hydrogen product from these reactions is removed along tiie surfece of the 
multiple membrane tubes (1), wherein the membranes are made by organic polymer or 
composite polymer membranes. Traces of carbon monoxide, carbon dioxide, product 
steam, olefins, and unreacted hydrocarbons may also permeate through the membrane 
tubes (1) in a lesser degree than hydrogen. The permeate gas mixture is continuously 
removed through the inner side of the membrane tubes and flows into a common 
impermeable metal shell which is interconnected with all the membrane tubes and sealed 
from the gases flowing into the catalytic reaction side (3). Optionally, a flowing 
component can flow along the inner membrane tube to sweep and dilute the permeate ^ 
as it flows through the tubes. 

In an optional design, catalyst in forai of pellets or particles (4) can be contained 
within the inner side of the polymer membrane tubes to cany suitable catalytic reactions 
(such as hydrogenations) in which one of the reacting species is permeate hydrogen and 
the other reaction species ^e contained within the flowing gas. Such a flowing (sweep) 
component can be an unsaturated hydrocarbon (e.g., alkenes, alkynes) for conversion to 
saturated hydrocarbons, after reaction with hydrogen, in an exothermic reaction. Flowing 
(sweep) component can also be carbon monoxide for direct production of methanol or 
gasoline (through Fischer-Tropsch ^thesis) after combination with the permeate 
hydrogen, in exothermic type reactions. Flowing gas can be nitrogen for exothermic 
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hydrocarbons, caibon monoxide, non-pemeate hydrogen or any mixture of these species 
coming out of the outlet of catalytic zone (3) can be recycled as well into the external 
combustion zone (5). Optionally, external heating of outer shell (2) can be provided by 
any type of cylindrical type heaters or heating elements (i.e., ceramic, composite).] 

35 Fig^, shows multiple double wall process permreactors of those described in 
Fig.4, which all are phiced symmetrically, inside a larger impermeable tube (shell) 
(Al), to create a multiple tube permreactor with a common external heating area 
(d). The most outer impermeable tubes (1) which consist the external part of the 
multiple tubes are In direct contact witii the common heating zone (6). This type of 
process configuration is able to process large amounts of reacting feedstocks and to 
produce larger throughputs of product mixtiires in comparison with the single 
module process shown in Fig.4. 

36 [Fig.6, depicts a system of catalytic peimreactor with consecutive permeator (or 
optionally a permreactor) and optionally another final consecutive reactor, for conducting 
reforming and gas shift reactions. In Fig.6, stream 1 contains hydrocarbon feedstocks 
such as methane (CH4), higher alkanes (paraffins), naphtha, and natural gas, mixed with 
steam and CO2 and introduced in catalytic permreactor A for conducting simultaneously 
reactions (1), (2) and (3), or mixed with CO2 only for conducting reactions (2) and (3). 
Some hydrogen may be added into stream 1. which is usually between 145% of the feed 
volume, to depress carbon formation from hydrocarbon cracking especially in the inlet of 
permreactor A. 

Catalytic permeable reformer A, is of any of the types described in embodiments 
of Figs. 1,2,3,4, and 5 above, with H2 to be separated in permeate stream lb via valve Al, 
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in the general case. and CO2 combined, can be separated in permeate stream in 
special applications, if an organic membrane is used in permieactor A. The rejected exit 
stream from the permreactor may contain product CO together with unreacted steam 
(H^OCg)), CO2, and hydrocarbon, and non-permeate H^. This stream becomes stream 2 
and enters into heat exchanger B, where the unreacted steam is removed through 
condensation, and by the heat exchanging process new steam is generated in stream 6 
from the water or steam of stream 5. Stream 6, can provide steam in permreactor A and 
reactor E through streams 9 and 10,18 respectively, in an alternative or simultaneous 
mamier via use of valves B1,E1. The steam in 6 aquires the exchanged heat load from 
stream 2, the hot gas effluent of permeable reformer A, and thus its derived streams 
9,10,18 can be mixed directly with streams 1 and 12 which are fed directly into reactors 

A and E respectively. 

Steam from 6 is used via streams 10,18 and valves B1,E1 to provide the initial 
steam content in reformer E. Stream 7, passes through a bed of particles C (moisture 
adsoibent) to remove any non-condensed traces of moisture and through exit stream 8 
enters into membrane permeator D. Stream 8, contains CO product, non-permeate H, 
product, unreacted hydrocarbon (e.g., CH4) and CO2 gases and has been cooled at the 
operating temperature of permeator D. or both H2 and CO2 are removed in permeate 
stream 11 of permeator D. through the permselective action of a metal, non-porous 
inorganic, carbon, or organic membrane respectively. Non permeating stream containing 
hydrocarbon (e.g., CH4), CO and CO2 or hydrocarbon and CO respectively, depending on 
the type of membrane used in permeator D, exits from permeator D, through stream 12 as 
reject stream. Stream 12 enters into reformer E, for conducting simultaneously reforming 
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and water shift reactions selected from the group of reactions (1), (2) and (3), and be 
converted to final H2, CO, CO, or H2 and CO, only products, depending on the feed 
composition of stream 12 in reformer E. Steam in reformer E is provided via stream 18. 
Unreacted steam is removed from exit stream 15 by passing this stream through heat 
exchanger F. Steam is generated from water or steam of stream 16 and via streams 17,18 
and valve El , the generated steam is fed into inlet of reformer E. Exit stream 19 contains 
H2, CO, CO2 or H2, CO2 products and traces of unreacted hydrocarbons, depending on 
the operating conditions, that is the temperature, pressure, space velocity and feed 
composition of streams 12 and 18, of reformer E. Reformer E, can be replaced by a 
permeable reformer E similar to permeable reformer A, wherein H2 is separated in 
permeate and the reject exit stream 19 consists of CO and CO2 or CO2 only. 

Reformers A and E are endothermic and flue gas streams 3,4 and 13,14 
respectively are used to provide the necessary heat content to drive parallel reactions (1), 
(2) and (3) to completion. The two reformers can operate at same or different 
temperature and pressure conditions. 

If conversion is high in permeable reformer A under certain operating conditions, 
the product in stream 2 is mainly CO and Hz which can be used directly as synthesis gas 
in methanol synthesis via the direct exothermic reaction: CO+2H2=CH30H, also in 
Fischer-Tropsch type reactions for production of gasoline type hydrocarbons, and as fiiel 
in gas turbines and engines and solid oxide fuel cells for power generation. 

If the overall process consists of two reformers and the intermediate permeator, 
and the final product is a Ha and CO2 mixture in exit stream 19, it can be used separately 
or it can be mixed with stream 11 to make a combined H2 and CO2 stream. This 
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combined H2, CO2 mixture can be used for direct methanol synthesis via the exothermic 
reaction: 3H2+C02=CH30H(g)+H20(g). Also, the H2, CO2 mixture can be used as direct 
feed in molten carbonate fuel cells for electricity generation via the overall 
electrochemical reaction: 

H2+CO2+I/2O2 (cathode) — H2O+CO2 (anode) 

Alternatively, CO2 can be condensed cryogenically from the binary mixture and 
pure hydrogen can be produced. Final H2 product can be used for chemical synthesis or 
as direct feed in fuel cells and gas turbines and engines for power generation applications 
(e.g., transportation, stationary). Applicable hydrogen driven fuel cells for utilizing the 
pure separated hydogen from the process, include proton exchange membrane (PEM), 
solid oxide (SOFC), molten carbonate (MCFC), alkaline (AFC), phosphoric acid (PAFC) 
and modifications and combinations of these fuel cells. 

Generated hydrogen product from the process can be combined with an 
unsaturated hydrocarbon (e.g., alkenes, alkynes) for conversion to saturated hydrocarbons 
in an exothermic type reaction. Also, with carbon monoxide for direct i^oduction of 
methanol (as described above) or gasoline (through Fischer-Tropsch synthesis) in 
exothermic type reactions. Hydrogen can be also combined with nitrogen for exothermic 
ammonia synthesis. Other combination (synthesis) reactions with permeate hydrogen can 
be these for reduction of aromatic hydrocarbons, also these for saturation of unsaturated 
alcohols, phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl halides 
and these for reduction of nitroalkanes and aromatic nitro compounds to corresponding 
primary amines. 
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36 Fig.6, depicts a process of catalytic permreactor with a consecutive 
permeator (or optionally with a second consecutive reactor) and with an optional 
third consecutive reactor, for conducting reforming and gas shift reactions. In Fig.6, 
stream 1 contains hydrocarbon feedstocks such as methane (CH4), higher alkanes 
(paraffins), naphtha, natural gas, mixed with steam and CO2 and introduced in 
catalytic permreactor A for conducting simultaneously reactions (1), (2) and (3), or 
mixed with COj only for conducting reactions (2) and (3). Some hydrogen may be 
added into stream 1, which is usually between 1-15% of the feed volume, to depress 
carbon formation from hydrocarbon cracking especially in the inlet of permreactor 
A. 

37 Catalytic permreactor A can be any of the types of permreactors described in 
the embodunents of Fig.1, FigJ, Fig.4, and Fig.5 above, with H2 in the general case 
to be separated in permeate stream lb via valve Al. Hj and CO2 gases combined can 
be separated in permeate stream lb in special applications, if a suitable organic, 
inorganic, or composite membrane is used in permreactor A. The rejected exit 
stream from the permreactor may contain CO product together with unreacted 
steam (HiCKg)), CO2, hydrocarbons, and non-permeate H2. This stream becomes 
stream 2 and enters into a heat exchanger B, wherein the unreacted steam is 
removed through condensation and by the heat exchanging process new steam is 
generated in stream 6 from the water or steam of stream 5. Stream 6, can provide 
steam in permreactor A and reactor E through streams 9 and 10,18 respectively, in 
an alternative or continuous manner via use of valves Bl and El. The steam in 
stream 6 acquires the exchanged heat load from stream 2, the hot gas effluent of 
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„,.nn.r A. *». i« -eHved WW c. b. «r«..y wW. 

1 .nd 12 which .re fed direetty into wacttn. A .nd E respectively. 
M Stc-n from ,.re.« 6 U used vi. s.r««.. v.h-es Bl^ 1 U> provide 

,h. i.i«.l rte»« co..e« in reformer E. Stream 1, p»s« .hroagh . h«l .f P-rHdes C 
(. moi«»r. .d«.rhe..) u, remove .oy .on^.de,»«l .n.ee, of m.i,«.r. ..d «.n..gh 
stream « cater, iato memhraae permeator D. Stream 8. eoataias CO 
p^dact. aoa-permcate H, pn-»ct. «.r«.e.ed hydrocrlH.. (e*, CH,) .«d CO. 

and ha. c«,led a. the operatiag temperatar. of permeator D. H, or both 
H, and CO, are removed i. permeate .tr«.m 11 of permeator D, throagh the 
„.™^vc aeao. of a metaU i.«r.!«.fe Po'!--™ " 
respectively. Noo p.rmea«ag stream U, cataiaing hydtocarboa, (eg, CH,). CO 
aad CO, or hydrocarb... a«l CO «sp.ctive.y, dep«.di.g «. the type of membrane 
^ in permeator D, ^ from perme.«.r ». through stream 12 a. reject .t«am. 
Stream 12 e..e« into reformer E, for cadacting simnltaaeoasly reforming and 
wster shift reactions selected from the groap of reactions (1), (2) and (3), and be 
everted into flna. prodaets H« CO, CO, or H, and CO, only, depeadiag on the 
feed composition of stream 12 ia reformer E. Steam in reformer E is provide, via 
..ream ,8. l,areact«l st«.m is removed from «it stream 15 by passlag «.is stream 
throagh a heat exchanger F. Steam U generated from water or steam of stream .6 
.ad via Strega, 17.18 aad vaK. El, «.e generat«. steam is fed int. the i..« o, 
„f.n„.r E. E«t sti«m 19 contaia. H. CO, CO, or H., CO, product, and ti^ces af 
„.™.cted bydrocarboas. depending on the opetating conditions. ti..t is the 
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temperature, pressure, space velocity and feed composition of streams 12 and 18, of 
reformer E. 

39 if conversion is high in permeable reformer A under certain operating 
conditions, the product in stream 2 is mainly CO and H2 which can be used directly 
as synthesis gas for methanol and hydrocarbon synthesis, and as fiiel in gas turbines, 
engines and solid oxide or molten carbonate fuel cells for power generation* 

40 If the overall process consists of two reformers and the intermediate 
permeator, and the final product is a Hi and CO2 mixture in exit stream 19, it can be 
used separately or it can be mixed with stream 11 to make a combined H2 and CO2 
stream. This combined Hj, CO2 mixture can be used for direct methanol synthesis 
via the exothermic reaction (6) or as direct feed in molten carbonate fuel cells for 
electricity generation. Alternatively, CO2 can be condensed cryogenically from the 
binary mixture and pure hydrogen can be produced. Final product can be used 
for chemical synthesis or as direct feed in fuel cells and gas turbines and engines for 
power generation applications (e.g,, transportation, stationary). Applicable 
hydrogen driven fuel cells for utilizing the pure separated hydogCT from the process, 
include proton exchange membrane (PEM), solid oxide (SOFC), molten carbonate 
(MCFC), alkaline (AFC), phosphoric acid (PAFC) and modifications and 
combinations of these fuel cells. Generated hydrogen product from streams lib, 11, 
19, can be combined with other chemical components in synthesis or combination 
type reactions as described above in Fig.1 and Fig.4. 

41 The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (e.g., CH4) and carbon oxide (e.g., CO2) reactant 



53 



conversion, through the removal of only, or of and CO2 gases in permreactor 
A and permeator D. The calorific value of the obtained Hj, CO product in 
permreactor A, is higher than this of the reactant hydrocarbon (e.g^ CH4), COj and 
steam and the endothermic heat of reaction is stored in the products which can be 
subsequently used as fuels or in chemical synthesis. 

42 Assuming 100% conversion of reactions (1) and (2) and reaction (3) in 
equilibrium in permreactor A, 2 mol of CH4 (with heat of combustion: 425.6 kcal), 1 
mol of CO2 (with no heat of combustion), and 1 mol of HjCHg) (with no heat of 
combustion), produce 3 mol of CO (with heat of combustion: 202.8 kcal) and 5 mol of 
H, (with heat of combustion: 341.5 kcal). These values are at 25oC. This corresponds 
to about 28% increase in calorific value for the product. Endothermic heat can be 
provided in reformers A and E through flue or waste hot gases coming out of the 
interconnected fuel cells, turbines or engines and directed as input streams 3 and 13, 
as also described in Figs.l, 2, 3, 4, 5 above. Part of the exiting streams 2 and 15 can 
be also used to heat the reformers. The two reformers can operate at same or 
different temperature and pressure conditions. 

43 In an alternative design, permeator D is replaced by a catalytic reforming 
reactor D wherein continuous conversion of the rejected reactants occurs from the 
previous strep. In this case, vessels B and C are eliminated and the inlet stream 8 
contains unreacted hydrocarbons, CO, C(h, some and unreacted steam. 
Additional steam can be added in stream 8 if necessary for the reforming reaction. 
The e3dt reject stream 12 from catalytic reactor D contains mainly products H2 and 
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CO after the unreacted steam condensation which can be used in similar 
applications as described above. 

44 [Fig.7, describes a similar embodiment with the one described in Fig.6, but feed 
stream 1 contains carbon monoxide (CO) only, mixed with steam, and introduced in 
catalytic permreactor A which is filled with catalyst particles to conduct the water gas 
shift reaction only. 

Catalytic permeable water gas shift reactor A, is of any of the types described in 
embodiments of Figs. 1,2,3,4, and 5 above, with to be separated in permeate stream 
lb via valve Al. in the general case. and CO2 combined, can be separated in permeate 
stream for special applications, if an organic membrane is used in permreactor A. The 
rejected exit stream from the permreactor contains product CO together with unreacted 
steam (H20(g)) and non-permeate H^. This stream becomes stream 2 and enters into heat 
exchanger B, where the unreacted steam is removed through condensation, and by the 
heat exchanging process new steam is generated in stream 6 from the water or steam of 
stream 5. Stream 6, can provide steam in permreactor A and reactor E through streams 4 
and 11,13 respectively, in an alternative or simultaneous manner via use of valves Bl J'l. 
The steam in 6 aquires the exchanged heat load from stream 2, the hot gas effluent of 
permeable reactor A, and thus its derived streams 4,11,13 can be mixed directly with 
streams 1 and 12 which are fed directly into reactors A and E respectively. 

Steam from 6 is used via streams 11.13 and valve Fl to provide initial steam in 
reactor E. Stream 7 passes through a bed of particles (moisture adsorbent) C to remove 
any non^ndensed traces of moisture and through exit stream 8 enters into membrane 
permeator D. Stream 8 contains non-permeate product Hj. product CO2 and unreacted 
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CO gases and has been cooled at the temperature of permeator D. H2 and CO2 are 
removed in penneate stream 9 through permselective action of membrane in permeator 
D. Non permeating CO exits from permeator through stream 10 which can be called a 
reject stream. Stream 10 can be recycled via valve Dl and stream 3 into the first 
permeable shift reactor A for contiuous shift reaction and conversion to H2 and CO2 
products. Alternatively, by use of same valve Dl, stream 10 becomes 12 which enters 
into reactor E for additional shift reaction (2), and conversion to final H^, CO2 products. 
Steam in E is provided via stream 13. Unreacted steam is removed from exit stream 14 
by passing this stream through heat exchanger F. New steam is generated from water or 
steam of stream 15 and via streams 16,13 and valve Fl is fed imo inlet of reactor E. Exit 
stream 17 contains H2, CO2 products and traces of unreacted CO depending on the 
operating conditions, that is the temperature, pressure and feed composition of streams 

12 and 13, of reactor E. 

Shift reactors A and E are exothermic and no heat input is necessary as with the 
previous endothermic reformers described in previous embodiments. Stream 1 needs to 
be preheated in temperature of permeable reactor A before entering into reactor. Using 
the heat content of streams 2 and 14 exiting from the reactors to provide the necessary 
heat content in the feed streams 4 and 13 entering into the reactors, the entire process 
operates in an autothermic way with no additional heat input necessary. The two shift 
reactors can operate at same or different temperature and pressure conditions. 

Exit stream 17 can be used separately or it can be mixed with stream 9 to make a 
combined H2 and CO2 stream to be used for chemical synthesis or as fiiel in applications 
similar to the ones mentioned above for the reforming reactors. Pure Hj from the process 
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can be recovered after the CO^ condensation and removal. Pure hydrogen from the 
process, can be used as fiiel or in chemical synthesis applications, as described in 

embodiment of Fig.6 above. 

The described shift process is able to overcome the equilibrium CO reactant 
conversion limitations, throu^ removal of in permreactor A and intermediate 
removal of Hz and COj products in permeator D. Thus, the process increases CO 
conversion and Hj. CO2 yields above those obtained in conventional water gas shift 
reaction separation systems for production of H2 and CO2. By use of the two heat 
exchangers each shift reactor operates in an autothermic way with no need of additional 
heat load in the system except for the initial preheating of stream 1 to start-up operation 
in permreactor A. ] 

44 Fig.7, describes an embodiment of process simUar to the one described in 
Fig.6, b«t the inlet stream 1 contains carbon monoMde (CO) only mixed with steam 
and introduced in catalytic permreactor A which is filled with catalyst particles to 
conduct the water gas shift reaction only. 

45 Catalytic water gas shift permreactor A, can be any of the types of 
permreactors described in the embodiments of Fig.1, FigJ, Fig.4, and Fig.5 above, 
with Hi in the general case to be separated in permeate stream lb via valve Al. H2 
and CO2 gases combined can be separated in permeate stream lb for special 
appUcations, if an organic, inorganic, or composite membrane is used in permreactor 
A. The rejected exit stream from the permreactor contains product CO together 
with unreacted steam (R^Oig)) and non-permeate This becomes stream 2 and 
enters into a heat exchanger B, wherein the unreacted steam is removed through 
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condensation, and by the heat exchanging process new steam is generated in stream 
6 from the water or steam of stream 5. Stream 6, can provide steam in permreactor 
A and reactor E through streams 4 and 11, 13 respectively, in an alternative or 
continuous manner via use of valves B1,F1. The steam in 6 aquires the exchanged 
heat load from stream 2, the hot gas effluent of permeable reactor A, and thus its 
derived streams 4,11,13 can be mixed directly with streams 1 and 12 which are fed 
directly into reactors A and E respectively. 

46 Steam from stream 6 is used via streams 11,13 and valve Fl to provide initial 
steam in reactor E. Stream 7 passes through a bed of particles (a moisture 
adsorbent) C to remove any non-condensed traces of moisture and through exit 
stream 8 enters into membrane permeator D. Stream 8 contains non-permeate 
product H., product C(h and unreacted CO gases and has been cooled at the 
temperature of permeator D. K^ and COj are removed in permeate stream 9 
through permsetective action of membrane in permeator D. Non permeating CO 
exits from permeator through stream 10 which can be called a reject stream. Stream 
10 can be recycled via valve Dl as stream 3 into the first permeable shift reactor A 
for continuous shift reaction and convemon to and CO^ products. Alternatively, 
by use of same valve Dl, stream 10 becomes 12 which enters into reactor E for 
additional water gas shift reaction, and conversion into final H^, CO2 products. 
Unreacted steam is removed from exit stream 14 by passing this stream through heat 
exchanger F. New steam is generated from water or steam of stream 15 and via 
streams 16,13 and valve Fl is fed into inlet of reactor E. Exit stream 17 contains H^, 
COi products and traces of unreacted CO depending on the operating conditions. 
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that is the temperature, pressure, space velocity, and feed composition of streams 12 
and 13 of reactor £. 

47 Shift reactors A and £ are exothermic and no heat input is necessary as with 
the previous endothermic reformers described in previous embodiments* Stream 1 
needs to be preheated in temperature of permeable reactor A before entering into 
reactor. Using the heat content of streams 2 and 14 exiting from the reactors to 
provide the necessary heat content in the feed streams 4 and 13 entering into the 
reactors, the entire process operates in an autothermic way with no additional heat 
input necessary* The two shift reactors can operate at same or different temperature 
and pressure conditions. 

48 Exit stream 17 can be used separately or it can be mixed with stream 9 to 
make a combined and COt stream to be used for chemical synthesis or as fuel in 
applications similar to the ones mentioned in Fig.6. Pure Ha from the process can be 
recovered after the CO2 condensation and removal. Pure hydrogen from the process, 
can be used as fuel or in chemical synthesis applications, as d^cribed in embodiment 
of Fig.6 above. 

49 The described shift process can overcome the equilibrium CO reactant 
conversion through removal of the H2 in permreactor A and the intermediate 
removal of H2 and CO2 products in permeator D. Thus, the process can increase the 
CO conversion and the H2, CO2 yields above the values obtained with conventional 
water gas shift reaction systems. By use of the two heat exchangers each shift 
reactor operates in an autothermic way with no need of additional heat load in the 
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system except for the initial preheating of stream 1 to start-up operation in 
permreactor A. 

50 [ Fig.8 is an embodiment of a system of catalytic permreactor with consecutive 
permeator for conducting paraffin (alkane) dehydrogenation reactions. In Fig.8, stream 1 
contains hydrocarbon feedstocks such as ethane, propane, n-butane, i-butane, naphtha, or 
liquid alkanes such as pentane, hexane, heptane. Liquid alkanes are vaporized by 
preheating before fed into catalytic permeable dehydrogenator A. Some hydrogen may be 
added into stream 1, which is usually between 1-15% of the feed volume, to depress 
carbon formation in the catalyst firom hydrocarbon cracking especially in the inlet of 
permreactor A. 

Catalytic permeable dehydrogenator A, is of any of the types described in 
embodiments of Figs. 1,2,3,4, and 5 above, with H, to be separated in permeate stream 
lb via valve Al. The rejected exit stream from permreactor A contains unreacted 
paraffins, product olefins, and non-permeate hydrogen. This stream becomes stream 2 
and optionally passes through heat exchanger B, where by the heat exchanging process 
steam is generated in stream 6 from the water or steam of stream 5 to be used in steam 

requiring applications. 

Stream 7. enters into membrane permeator C. Hj is removed in permeate stream 8 
of permeator C, through the permselective action of a metal, non-porous inorganic, 
carbon or organic membrane. Non permeating stream containing hydrocarbons (^oduct 
olefins and traces of unreacted paraffins) exits from permeator C, through stream 9 as 
reject stream. Stream 9 has composition dependent on the paraffin conversion in 
permreactor A and the hydrogen separation efficiency in permeator C. By optimizing 
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sacb as pentane, heiane, heptane. Liquid albanes are vaporized by prebeating 
before fed into the catalytic membrane dehydrogenator A. Some hydrogen may be 
added into stream 1, which b usually between 1-15% of the feed volume, to depress 
carbon formation in the catalyst from hydrocarbon cracking especially in the inlet of 
permreactor A. 

51 Catalytic permeable dehydrogenator A, can be any of the types described in 
embodiments of Figs.1, 3, 4, 5 above, with to be separated in permeate stream lb 
via valve Al. The rejected exit stream from permreactor A contains unreacted 
paraffins, product olefins, and traces of non-permeate hydrogen and unreacted 
paraffins. This becomes stream 2 and optionally passes through a heat exchanger B 
to lower its temperature , wherein by the heat exchanging process steam is 
generated in stream 6 from the water or steam of stream 5 to be used in steam 
requiring applications. 

52 Stream 7, enters into reactor C which can be an olefin to polyolefin 
polymerization reactor or a specialty chemicals production reactor fi-om olefins. 
Polyolefins produced in reactor C in stream » can be polyethylene from ethylene 
monomer which is coming from ethane dehydrogenation in permreactor A. Also, 
polypropylene from propylene monomer which is coming from propane 
dehydrogenation in permreactor A. Similarly, higher polyolefins can be produced 
from dehydrogenation of higher paraffins. Specialty chemicals production in reactor 
C include ethylene oxide, ethylene glycol, acetaldehyde, acrolein and acrylic acid 
from ethylene. Also, propylene oxide, propylene glycol and acrylonitrile from 
propylene, and methyl tert-butyl ether (MTBE) from isobutylene. 
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The produced pure hydrogen from the described process in stream lb, can be used 
within the same fuel utUization and synthesis applications as described in 
embodiments of Fig.l and Fig.4. Paraffin dehydrogenation reactions are 
endothermic and permreactor A receives heat from fine gas streams 3 and 4 to drive 
the dehydrogenation reactions (4) to completion. 

53 The described process is able to overcome thermodynamic equilibrium 
limitations for paraffin conversion met in conventional reactors, through the 
removal of H2 product in membrane permreactor A. Endothermic heat can be 
provided in dehydrogenator A through the combustion of flue or waste 
hydrocarbons or unreacted recycled hydrocarbons from the reaction zone of reactor 
A; also from flue hot gas heated by the heat of the exothermic reactions taWng ptece 
in synthesis reactor C, as also described in embodiments of Fig.1 and Fig.4 above. 

54 [ Fig.9, is an embodiment which is related with these described in Fig3.C uivi 7, 
but with stream 1 to contain hydrocarbon feedstocks such as methane or higher alkanes 
such as naphtha and natural gas, also alcohol feedstocks such as methanol, ethanol, 
propanol, butanol mixed wiA steam only and introduced in catalytic permreactor A 
which is filled with catalyst particles to conduct the methane steam reforming reaction 
(1) and the simultaneously occurring water gas shift reaction (2). Some hydrogen may be 
added into stream 1. which is usually between 1-15% of the feed volume, to depress 
carbon formation from hydrocarbon cracking especially in the inlet of the reactor A. 

Catalytic permeable reformer A, is of any of the types described in embodiments 
of Figs. 1,2,3,4, and 5 above, with H2 to be separated in permeate stream lb via valve Al, 
in the general case. H2 and CO2 combined, can be separated in permeate stream in 
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special applications, if an organic membiane is used in permreactor A. T^e rejected exit 
stream from the permreactor may contain product COa, CO, unreacted steam (H,0(g)) 
and hydrocarbon, and non-permeate H. Hus stream becomes stream 2 and enters into 
heat exchanger B, where the unreacted steam is removed through condensation, and by 
the heat exchanging process new steam is generated in stream 8 from the water or steam 
of stream 7. Stream 8, can provide steam in permreactor A and reactor E through streams 
6 and 10,20 respectively, in an alternative or simultaneous mam^r via use of valves 
B1,E1. The steam in 8 aquires the exchanged heat load from stream 2, the hot gas 
effluent from permeable reformer A, and thus its derived streams 6,10,20 can be mixed 
directly with streams 1 and 14 which are fed directly into reactors A and E respectively. 

Steam from 8 is used via streams 10,20 and valve El to provide initial steam in 
reformer E. Stream 9 passes through a bed of particles (moisture adsorbent) C to remove 
any non-condensed traces of moisture and through exit stream 1 1 enters into membmne 
T. v;^^ 11 has been cooled in temperature of permeatorDand contains CO, 

CO2, unreacted hydrocarbon, non-permeate H2 gas species. 

H2 or both H2 and CO^ are removed in permeate stream 12 of permeator D, 
through the permselective action of a metal, non-porous inorganic, carbon or organic 
membrane respectively. Non permeating stream containing hydrocarbon (e.g., CH4), CO 
and CO2 or hydrocarbon and CO respectively, depending on the type of membrane used 
in permeator D, exits from permeator D, through stream 13 as reject stream. In case 
>vherein stream 13 contains hydrocarbon and CO it can be recycled via valve Dl and 
stream 5 mto first permeable reformer A for continuous reforming and conversion to 
main and CO^ products. Alternatively, by use of valve Dl. stream 13 becomes stream 
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14 which enters into steam reformer E for additional reforming and shift reactions, via 
reactions (1) and (2) and additional conversion to H2 and CO2 products. In case wherein 
stream 13 contains hydrocarbon, CO and CO2, using valve Dl, stream 13 becomes 
stream 14 which enters into modified steam and CO2 reformer E for additional reforming 
and shift reactions, via reactions (1), (2) and (3) and conversion to H2, CO, CO2 
products. Reformer E, can be replaced by a permeable reformer E similar to permeable 
reformer A, wherein H2 is separated in permeate and the reject exit stream 17 consists of 
product CO and CO2 or CO2 only. 

Reformers A and E are endothermic and flue gas streams 3,4 and 15,16 
respectively are used to provide the necessary heat content to drive parallel reactions (1), 
(2) and (3) to completion. The two reformers can operate at same or different reaction 
temperature and pressure conditions. 

If convereion is high in permeable steam reformer A mdet certain operating 
conditions, the product in stream 2 is mainly CO2 and non-permeate Hz which can be 
used directly in applications described already in embodiment of Figs. 1 and 3. 

If the overall process consists of two reformers and the intermediate permeator, 
and the final product is H2 and CO2 in exit stream 21, this product can be used separately 
or it can be mixed with stream 12 to make a combined H2 and CO2 stream to be used in 
similar applications. 

Alternatively, CO2 can be condensed cryogenically from the binary mixture and 
pure hydrogen product is produced. Final H2 product can be used for chemical synthesis 
or as direct feed in fuel cells and gas turbines and engines for power generation 
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Fig.6. 

The described p«>ccss is able «, overcome thennody^nac cquilibriom 
H^tetions of hydrocart^n (CH.) and s«an, reacum. conve^ion, toough the removal of 
H, product only, or of *e combined H. and CO, producB in membr»,c pcnnrcac«,r A 
and pcrmeawr D. The calorific value of ftc oWai.«d H. CO, product m permreaCor A. 

higher than .his of the reacant hydrocatbon (e.g.. CH,) and ste^n mixture, because .he 
p^vided endotermic heat of reaction is s«.red in the produc.s and can be subset^tly 
released by using produce as fijels or in chemical syndesis. 

Assuming 100% conversion of reactions (1) and (2). 1 mol of CH, (with heat of 
^mbustion: 2.2.8 kcal) and 2 mol of H,0(g) (wi* r. hea. of combustion) generate 1 
mol of CO. (™th no heat of combustion) and 4 mol of H, hea. of combustion: 
273.3 kcal). These values are « 25»C. litis corresponds «, about 28% increase in 
calorific value for the produc. gases. By providing externa, hea. through flue or was.e gas 
i„p« in ti» reformers and witi. the described two heat exchangers in place, the energy 
requir^nen. of .he one reac«,r^e ,«rmea«. or two reac«>r.ne penne.ti>r cascades ,s 
ftrtfilled and .he processes opem«s in a *erm.Uy independen. manner ptoviding for an 
energy efficen. design. Endotemuc hea. can be ptovided in teformers A and E through 
the combustion of flu. or was« gases or unreaCed recycled hydrocarbons .h,m ^ 
reaction zone of reformers A and E. as also described in Figs 1.3.5 above. 1 
54 Fifr9, U . pnK«» embodime.. whicl. » related wift ««« de«rib«l i. 
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exit stream 11 enters into membrane permeator D. Stream 11 has been cooled in 
temperature of permeator D and contains CO, CO2, unreacted hydrocarbons, and 
non-permeate H2 gas species. 

56 Hz or both Hi and CO^ are removed via permeate stream 12 of permeator D, 
through the permselective action of a metal, inorganic, polymer or composite 
membrane. Non permeating stream 13 containing hydrocarbons (eg., CH4), 
alcohols, CO and CO2 or hydrocarbons, alcohols, and CO respectively, depending on 
the type of the membrane used in permeator D, exits from permeator D, through the 
reject stream 13. In case wherein stream 13 contains hydrocarbons, alcohols, and 
carbon monoxide (CO) it can be recycled via valve Dl and stream 5 into first 
permeable reformer A for continuous reforming and conversion to main Hj and CO2 
products. Alternatively, by use of valve Dl, stream 13 becomes stream 14 which 
enters into steam reformer E for additional reforming and shift reactions, (reactions 
(1), (3)), and conversion to Hj and CO2 products. In case wherein stream 13 contains 
hydrocarbons, CO and CO2, by use of valve Dl, stream 13 becomes stream 14 which 
enters into modified steam and CO2 reformer E for additional reforming and shift 
reactions, via reactions (1), (2) and (3) and conversion Into Hj and CO products. 
57 Reformers A and E are endothermic and flue &s streams 3,4 and 15,16 
respectively are used to provide the necessary heat content to drive parallel 
reactions (1), (2) and (3) to completion. The two reformers can operate at same or 
different reaction temperature and pressure conditions. If conversion is high in 
permeable reformer A under certain operating conditions, the product in stream 2 b 
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ge..r.«.. .PPB"«.» (-g. .",»p.ri««... »«. ft- 

to e«b«li»e.., *epre™« figMre. Tbew««fl»*» ».re.a, e»u.g 

fte taurc««cud ecu. - ' 
and 15 to heat the reformers A and E. 

5, B, providing erten..! b... *r.»gb .r ««e g» e™b««» i- fte 
,.f.,»e« or ftroogb i.«n... ,.r«». recycUng «d «i«. *e de^ribed ^.o be.. 
„cb..ge» i« Pb.ce, .be energy r«,.ir««.. «( - P*"""" " 

«ic..,M,a. penneau^ c»c«l., i. fc«H«l .-rf *«« P«>«««' '» " 

.^.By i.dep«.d«,. ™»er providing for .» <^ 

Endofter-i. be.. c« be provide* i. refon^r, A „d E vi. *e e»b.b»*. 

^ or recyC-l ..re.«. f«« «>"« «' * 

as ateo described in Figs.Ur3A5 a«M)ve. 
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60 [ Fig.10, is an embodiment of a steam and CO2 hydrocaibon reforming process 
which includes a permeable reformer or a non-permeable reformer followed by a 
ciyogenic separator for separation of certain post-reaction gases exiting firom the reject 
exit of the reformer. In Fig.10, stream 1 is introduced into catalytic permreactor A, 
containing hydrocarbon feedstocks such as methane (CH4) mixed with steam and CO2 for 
conducting simultaneously reactions (1), (2) and (3), or mixed with CO, only for 
conducting reactions (2) and (3). Some hydrogen may be added into stream 1, which is 
usually between 1-15% of the feed volume, to depress carbon formation from methane 
cracking especiaUy in the inlet of permreactor A. 

Catalytic permeable reformer A, is of any of the types described in embodiments 
of Figs. 1,2;3,4, and 5 above, with H, to be separated from the reformer, and exit in 
permeate stream lb via valve Al. The rejected exit stream from the permreactor contains 
product CO together with unreacted steam (H,0(g)), CO2, and hydrocarbon, and non- 
permeate Hj. This stream becomes stream 2 and enters into a steam condenser C wherein 
the unreacted steam is condensed and by the heat exchanging process new steam is 
generated in steam 17 from the water or steam of stream 16. Steam through stream 17 is 
recycled into stream 1 in inlet of reformer A. Stream 5 free of steam, exits from 
condenser C and enters into cryogenic separator B, which operates at a temperature lower 
than the boiling temperature of caibon dioxide and hydrocarbons so that these 
compounds are separated as liquids and collected in the bottom of the separator 
(operating cryogenic temperature of the separator is a negative number which has larger 
absolute value than the absolute value of any of the boiling points of the liquified 
components above). However, operating cryogenic temperature of separator is higher 
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^ fte boiling points of carbon monoxide »nd hydn.gen so to. ftese compounds 
remain in ,he gas pha^ and exi, ftom *e separator as a gas mixB«e (operating oryogemc 
temperate of separaw is a ne»«ve number »bich has smaller absolute value to 
^ value of fte boiling points of bod. hydrogen and carbon monoxide). 

Liqurfied components exi. via stream 7 d™u^ valve Bl. Gas phase hydrogen «kI 
carbon monoxide exi. as stteam 6 via valve B2. Liquified s««m 7 c«. be recycled inu, 
tt« feed stream of reformer A (s«eam 1) via s«eam 8 after evaporation in evaporate D. 
Al.em«ively. stteam 8 can be further processed in anodrer reforming reac«.r by 
becoming stream 9 ««ch enters into refonner E. for additional steam and CO3 reforming 
of any remaining hydrooubons via reactions (1), (2) and (3). Optional, s.eam in reformer 
E is provided via stteam 18. Stieam 10 exiting fte reformer can optiondly condense tire 
eomaining unreaCed steam by passing through fte hea. exchanger F. We, stieam 11 
^ water which becomes ste«n in stream 12 after passing ti^ough F. Steam in 
Stieam 12 can optionally fed into reformer E via valve El. Stream 13 exrting *e hea. 
exchanger F is dry, and contains H. and CO as main products with ttaces of unreacted 
hydrocarbons and CO,, depending on the operating temperatirre and pressure of fte 
reformer E and flie composition of feed soeams 10 and 12. 

Recovered H, M.d CO in stieam 13 can be eifter used sepanaely or optionally be 
combined wift stieam 6 fiom fte separator to make one stieam .0 be used as fuel or in 
chemical synftesis. DireC application of fte produced H. and CO mrxtiue is in meftanol 
synftesis via fte direc. exoftermic reaction: C0.2H,-CH,OH, also in Fischer-Tropseh 
type reactions for production of gasoline type hydroc«bons, «.d as fuel in gas tiubines 
and engines and solid oxide fuel cells for power generation. Similariy, H, recovered m 
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s«am 5. c«. be used as fi.e. or in chemical syathesi, as described in embodiment of 
Fi.6. The desonbed process is able to overcome the thermodynamtc equrlibrium 
Hmitations of hvdrocarbon (e.g.. CH.). steam and CO, n=actan. conversion, through the 
rem^al of H. and H3 a^i CO pses in membrane «nnrea«or A and cryogenic separator 
B respectively. Endothermio heat in ^formers A and E is provided through gas streams 
3.4 and .4.15 respertively. Streams 3. 14 can be fed by a bypass stream of exit stream 2. 
as al«, described in embodiments of Figs.1,3,5. The reformer A can be optionally 
substituted by a non-permeable reformer A, therein stream lb and valve Al are 
ehminated and .11 product ft is mel^led in post-reaction mixture entering titrougb 
Stream 2 into cryogenic separator B. 1 

«, Fl^lO. is a new «.b«dime.. .f . •»* CO. hydrocarbon r.for»ini 
process which ineh«..s . pern^ah.. reformer or a non-permeahte reformer fo.h,wed 
a crvogenic ,ep.r.«,r for «p.r.«o. of certain po.^re«««. 
reject of the reformer. In Fi^lO. stream 1 i. i..rod«c«. in«. catalytic 
permreactor A. containing hydroe.A«, fe«h.octo s»eh as methane (CH.> 
wifl, s.«.m and CO, for condncttas sim»l.an«».sly reacrtons (1), (I) and 0). 
mixed w«h CO, only tor conducting r^acHon, (1) and (1). Some hydroge. may he 
^ed int. stream 1. which is asuaB, between l-.5% of the feed volume, *, depress 
earhon formation from methane eraeWng especially .he inlet of permreaCr A. 
61 catalytic permeable reformer A, is of any of *e .yp« described in 
.mh«Um»..s of Figs. and 5 above, wi«. to he separ^ed from the 

reformer, and exit in perm«..e stream lb via valve Al. The rejected exit stream 
from the per«r«.etor contains pr«.«et CO togrthw with unreaeted steam (H,0(g)), 
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COi, and hydrocarbon, and non-permeate Hi. This becomes stream 2 and enters into 
a steam condenser C wherein the unreacted steam is condensed and by the heat 
exchanging process new steam is generated in steam 17 from the water or steam of 
stream 16. Steam through stream 17 is recycled into stream 1 in inlet of reformer A. 
Stream 5 free of steam, exits from condenser C and enters into cryogenic separator 
B, which operates at a temperature lower than the boiling temperature of carbon 
dioxide and hydrocarbons so that these compounds are separated easily as liquids 
and collected in the bottom of the separator. However, the operating cryogenic 
temperature of separator is higher than the boiling points of carbon monoxide and 
hydrogen so that these compounds remain in gas phase and exit from the separator 
as a gas mixture. Liquified components exit via stream 7 through valve Bl. Gas 
phase hydrogen and carbon monoxide exit as stream 6 via valve B2. Liquified stream 
7 can be recycled into the feed stream of reformer A (stream 1) via stream 8 after 
evaporation in evaporator D. Alternatively, stream 7 can be further processed in 
another reforming reactor by becoming stream 9 which enters into reformer E, for 
additional steam and COj reforming of any remaining hydrocarbons via reactions 
(1), (2) and (3). Optionally, steam in reformer E is provided via stream 18 which is a 
bypass stream of stream 17. Stream 10 exiting the reformer can optionally condense 
the containing unreacted steam by passing through the heat exchanger F. Steam in 
stream 12 can optionally fed into reformer E via valve El. Stream 13 exiting the heat 
exchanger F is dry, and contains H2 and CO as main products with traces of 
unreacted hydrocarbons and CO2 depending on the operating temperature and 
pressure of the reformer £ and the composition of feed streams 9 and 12. 
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i-\ —« he either used separately or 
62 Beeovered H, ..d CO i. s.r«.,. 13 «. be ert 

^ f^m the seoarator to <»« '*«*"' ** 
,pti«,.U,b.eo,.bta«l««''«««»«'"»*"^ 

« ,..df»dceU.y»te«« or tacbe»icals,BtlH»B. !).««« 
med M tool ta cMvMtiooal and fuel ceu sy 

0, the prodded H, ..d CO ..tar. . . .ethaao. va - 

.etlo. CS>. .U. . reaet.. .r prod^... . - 

H «.oin« and in soM oxide and molten 
hydroearhoas, as M ta gas .urb..« eag-aea, 

e..hoa..e,.e.ee.Mor..er^era««.SMlar.,H.re«.v.redl.strea«lb.... 

h.™«..s.«..r.aeh«..Uy..b«..sd.seH.«dl.p.«.«»."--- 

,3 ,,.Us..od.«eae„— .o.bep™cess<^nbed.P.....app..es.o 

^ ,. rH1andCO,reaclantsof stream l.vnthiB the 

J TV,*, nrrumne reactions are (IM^M^^"' 
p^btetefonaer^toftandCOproduCsTheoccumng 

f^n,™ A is of any of the types descnbed m 
(2) (3) only. Catalytic permeable reformer A, .s o y 

' . „,Fi. . 234 a„d5above>thH,tobeseparated.npenneatest.eam3 
embodiments of tigS- i 

rtnr stream 2 containing only CO and non- 
via valve Al. Exiting from the permreactor, stream 2, 

^„,„.orCO,»^— ..a».-»^"---— 
.„a„.def..celUSO.C)»tB.S.ream.s.reeted.thea„«leoftheso..o„. 

• . th^ fiiel cell O, in stream 4, is directed m the 
cell and consists the fiiel constituent of the fuel cell, 

■A ♦ f«r the well known electrochemical 
cathode of the feel cell and consist the o«d«,t, for the «ell 

^i„„ conducted within the cell with electric current ge^on: 
toAnode: H2 + O^' - H20 + 2= 
In Cathode: 02 + 46 — 20' 

1 ^an hp fed into stream 2, via 
optionally, part of hydro^«fton,,«mea.est,eam 3, can be fed 

H in stream 2 to that required to feed the 
bypass stream 3b, to adjust the composition of H.m stream 
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fuel cell B. The reforaier A can be optionally substituted by a non-permeable refonner A. 
wherein all product H2 is included in exit stream 2. Flue gas streams 5 and 6, are used to 
provide the endothermic heat content into the reformer A Stream 5 can be fed by a 
bypass stream of exit stream 2, as also described in embodiments of Figs.1,3,5. 
Permeable refonner A can be substituted by a non-permeable (e.g., stainless steel) 
reformer A Valve Al and stream 3, 3b are eliminated and all post-reaction gases exit 
from stream 2. Fuel cell B still operates in same function as described above.] 
63 Fig.ll, is a modified embodiment of the process described in Fig.6. It applies 
to a complete conversion of hydrocarbons (e.g., CH4), CO, , and steam reactants of 
stream 1, within the permeable reformer A, to H, and CO products. The occurring 
reactions are (1),(2), (3) or (2),(3) only. Catalytic permreactor A, can be any of the 
types described in embodiments of Figs. U,4 and 5 above, with H, to be separated in 
permeate stream 3 via valve Al. The exiting from the permreactor, stream 2, 
containing only CO and non-permeating H„ or CO, non-permeating H„ and traces 
of unreacted steam, enters into a solid oxide (SOFC) or molten carbonate (MCFC) 
fuel cell which is unit B. Stream 2 is directed in the anode of the fuel cell, and makes 
the fuel constituent of the fuel cell. Stream 4 consists of O, or air for SOFCs, and of 
COrO,, or CO^air mixtures for MCFCs respectively, and is directed in the cathode 
of the fiiel cell B. Stream 4 is therefore the oxidant, for the known electrochemical 
reactions conducted within the two cells for electric current generation: 
In Anode: H, + O^ — H,0 + 2e (SOFC) 

CO + O^ CO2 + 2e (SOFC) 

Cq2 + H2 CO2 + H2O + 2e (MCFC) 
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COj* + CO 2CO2 + 2e (MCFC) 

In Cathode: 02 + 46 20^' (SOFC) 

CO2 + I/2O2 + 2e C O3' (MCFC) 

64 Optionally, part of hydrogen from permeate stream 3, can be fed into stream 
2, via bypass stream 3b, to adjust the composition of H2 in stream 2 to that required 
to feed the fuel cell B. Flue gas streams 5 is used to provide the endothermic heat 
content into the reformer A. Stream 5 can be fed by a bypass stream of exit stream 2, 
as also described in embodiments of Figs.13,4,5. Moreover, stream 7 which is the 
flue hot gas from the fuel cell, can be also directed into stream 5 to make the hot 
heating gas in reformer A. Reformer A can be optionally substituted by a non- 
permeable reformer A, wherein all catalytically produced Hi is contained into the 
exit stream 2. Valve Al and streams 3 and 3b are eliminated and all post-reaction 
gases exit from stream 2. Fuel cell B still operates in same function as described 
above with flue gas stream 7 from the fuel cell to heat the reformer A. 

65 [ Fig. 12, is an embodiment which describes a modified operation of the process 
described in Fig.6. It applies to complete conversion of hydrocarbon (i.e., CH4) and CO2 
reactants of stream 1, within the permeable reformer A, to H2 and CO products. The 
occurring reactions within the reformer are (1),(2),(3) or (2),(3) only. Catalytic permeable 
reformer A, is of any of the types described in embodiments of Figs. 1,2,3,4, and 5 above, 
with H2 to be separated in permeate stream lb via valve Al. Exiting from the 
permreactor, stream 2, containing only CO and non-permeating H2, or CO, non- 
permeating H2, and traces of unreacted steam, passes through heat exchanger B and 
moisture adsorbent C to remove unreacted steam, and enters into permeator D as a dry 
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,1 (mm carbon monoxide, iqected by the 
Hy<boge« is sep««ed in strewn U ftom eaAon 

.«eaml2Caftonmono«d.,vias.re»,12,c»,beop«onaUy 
,«mbtane. and exiting vw stream 12. Cartx.n , , „ ,^ CO, 

chift reactor E tor conversion to final H, and CO, 
ta. a consecutive water gas sbrft reac».r 

A heat exchanger F is used in exit of the v^ter gas shtft reac^. 

Ws.^ 15 to contain only H, and CO. Tl« reformer A 
»,„„e.cu=d steam, wrth finals.^ f„™er A. wherein all reaction 

^ be optionally snbstiutted by a nor^permeable reformer A. 
^..„,isinclndedinexi.s.ream2andstreamlb.valveA.a«elimma«d 

„ c» be used in mentioned already m 

Hydrogen from stream 11 can be used . » 

e^br^ment dese^bed in .ig. and .g. S,mi,..y CO .om sneam .2, » « »nd CC. 
.om stream . can . ^ . — — --'^ 
embodiments of Fi6S.6.9 and 10. ] , . ^. . 

.„.^...™dne.nf™m.h.,.nc«.f.he^™i.™.-«»- 
^...A,..dthe..bse,n.n..«...--U..me..^^^^ 

^bea the «mv»^ <" Mr«.rt»"» 

The process dcscnbes tne K>m>r 

Steam reaCaets, i. 1, ">*» «« 

,n mot or (2W3)Mily. Catalytic permaifc" 

\™er A can b. an, .« d.«Hbed U embodiment of F-gS- l^A 

r:::.b.se.r...d.,erme.«^...v.....eexi«n.rom 

::rm«.c.r.,.r..m.e.n....CO.n,..™»..gH„..ds.m.»^ 
CO, or CO, non-permeating Hz, COa and traces 
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„,H CO and CO. Stream «, of H. an* CO pr^lnCs i>y«<^ 
,0 all dry stream of Ht , CO ana I. 
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gas) enters into the methanol synthesb reactor D, wherein methanol is produced via 
the following exothermic reactions: CO+2H2=CH30H, and CO2 + 3H2 = CH3OH 
+ H2O 

66 Reactor D, can be a slurry or catalytic plug flow reactor with methanol to be 
produced in gas or liquid phase depending on the temperature, pressure and feed 
composition into the reactor and the type of catalyst used. Zinc, copper and 
chromium oxide catalysts are well known to convert synthesis gas to methanol. 
Methanol from stream 9 can be fed into a methanol driven fuel cell for electricity 
generation or for further use as a synthesis chemical including the synthesis of 
h^her hydrocarbons. 

67 Optionally, stream Ic, which is a bypass stream of stream lb and contains 
pure hydrogen, can be recycled into stream 8 via stream 16 to adjust hydrogen 
composition in this stream where necessary, and to increase the efficiency of 
methanol synthesis in reactor D. Product hydrogen from stream lb can be used in 
fuel, fuel cell, and synthesis applications. Reformer A is endothermic and flue ^ 
streams 3,4 are used to provide the necessary heat content to drive parallel reactions 
(1), (2), (3) to completion. The waste or flue gas stream from the interconnected 
methanol fuel cell and the exothermic methanol reactor D, can be used to provide the 
heat content in stream 3 to heat the reformer A. Stream 3 can be also fed by a 
bypass stream of stream 2 if necessary. In an alternative process modification, 
reactor D can be replaced by a catalytic reactor to conduct Fischer Tropsch 
reactions for production of olefin range hydrocarbons from the H2 and CO feed or 
from the Hj, CO and COj feed. 
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[Abstract of the Disclosure] 

[Overall pem«.«or-separa.or process designs and effective pen^eaCor designs 
™* increased mass and heat transfer, ^ conversion, product yield and optional 
recycling for processing methane, hydrocarbons, dcotals. cart»n mono,dde. natural gas, 
aoidic nan^a. gas, coal gas. biomass gas, and mixtures of hydr«a,bons with cart»n 
<Uox.de, based on the reforming reactions of these feedstocks with steam and carbon 
dioxide and the dehydrogenation reactions of satirrated hydrocarbons. Final exit stream, 

Urese gas phase process«s coMain pure hydrogen, hydrogen ^ carbon monoxide 
mixture, hydrogen and carbon dioxide mixtine, and can be used as a direct feed in molt^ 

e^rtK^te, solid oxide, proton exch^rge n,embr»». alkata. pbosf*oric acid and other 
^ of hydrogen driven ft«l cells. Same final exit pro«ssed streams car, be 
alternatively used for direct chemical synthesis such as methanol, for hydrogenations and 
b,drog» based reduction reactions such as tiK»e of unsatirmted hydrocart»ns U> 
p^ns, and as feed in power genemtion systems such as gas tmbines and gas engines.] 

ABSTRACT OF THE DBCIOSOKE 

MrUtiw... doubte wall) permreactt.r .«! p.n«r«««,r^r.ti,r 

p,««s.. b, integrating -cH"- ««' «.»"«» '» 
i.cr«»ed r«.c.a.t »Bversi«. ..d sy^» 

by defining more than ... cu,l,«c >^ b, employing mor. flu. ... 

„.mb,a.« mad. by diffe™. for th. ..ti-lytic ...iti. pr.e«ai.g ..d 
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as well as on debydrogenation reactio 
* •« niirc hvdrogen or synthesis gas v y 

«o« he alternatively used for mreci c 

reactions. 
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